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Removal of ultrafine particles by intermediate air filters in 
ventilation systems 
Evaluation of performance and analysis of applications 
 
BINGBING SHI  
Building Services Engineering 
Chalmers University of Technology 

Abstract 
Epidemiological and toxicological studies demonstrate that ultrafine particles 
(UFPs) are strongly related with respiratory and cardiovascular diseases and 
syndromes. One common method to reduce human exposure to particulate air 
pollution is the use of intermediate class filters (M5-F9 class filters according to 
EN779:2012). However, the efficiency of such filters, with respect to UFPs, is not 
well explored. Furthermore, neither the European standard nor the US standard 
for classification of intermediate class filters comprises performance with respect 
to UFPs or particles of the most penetrating size (MPPS). This could turn out to 
be a major lack in classification standards since UFPs have been pointed out as a 
potential serious health hazard. To fill in the gap, the purpose of the thesis is to 
evaluate the performance of intermediate class filters available on the Swedish 
market, and to correlate the efficiency for UFPs (EFUFP) and MPPS-size particles 
(EFMPPS) with the EN779 classification efficiency for particles of the size 0.4μm 
(EF0.4μm). The thesis also contains analyses of 1) air filtration for indoor particles 
of outdoor and indoor origin; 2) how to efficiently apply intermediate air filters in 
two-step air filtration systems and 3) ionizer assisted air filtration. 
 
Size-resolved filtration efficiencies of 23 filter sheets and 8 full-scale filters were 
tested in laboratory experiments with four types of upstream aerosols. The 
relationships between EFUFPs, EFMPPS and EF0.4μm were investigated under 
different testing conditions. The results showed that the electrostatic force from 
charged filter fibers has big influence on the shape of the efficiency curves. 
Additionally, the electrical charge state of the upstream aerosol is critical for the 
testing of charged synthetic filters. Linear relationships were found between 
EFUFPs, EFMPPS and EF0.4μm within the observed efficiency range for both glass 
fiber and charged synthetic filters. In general, EFMPPS was 10-20%-units lower 
than EF0.4μm. The values of EFUFPs were close to EF0.4μm for glass fiber filters, while 
EFUFPs were lower than EF0.4μm for charged synthetic filters.  
 
Theoretical analysis showed that filter operating hours and classes are critical to 
the cost of two-step filtration, i.e. a solution where a pre-filter protects the main 
filter. Under suitable operation, two-step filtration is not necessarily more 
expensive than single-step filtration. Another analysis investigated suitable filter 
class, filtration locations, and the ratio of supply to outdoor air flow rate, for 
efficient removal of particles coming from indoor and outdoor sources. The 
results can be used to recommend suitable air filters and ventilation rates/modes 
or to predict the existing system performances. Yet a separate study, based on 
measurements, shows that an F7 class filter assisted with an ionizer may reach an 
efficiency similar to that of a single F9 class filter.  
 
Keywords: indoor air quality, ultrafine particles, air cleaning, filter standard, 

intermediate filter, measurements, modelling, lifetime cost, particle 
source, health effect   
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Symbols, abbreviations and definitions 
Symbols 

Latin letters 
∆P filter pressure drop  [Pa] 
∆Pinitial filter initial pressure drop  [Pa] 
∆𝑃𝑃���� average pressure drop of a filter during the lifetime [Pa] 
Cc Cunningham correction factor [-] 
Cup particle number concentration in the upstream air  [#/cm3] 
Cdown particle number concentration in the downstream air  [#/cm3] 
D particle diffusion coefficient [-] 
d diameter [μm] 

R interception parameter; 
f

p

d
d

R =  [-] 

E single-fiber efficiency [%] 
EΣ total single-fiber efficiency [%] 
EF overall filter efficiency  [%] 
EFUFPs filter efficiency on ultrafine particles  [%] 
EFMPPS filter efficiency on MPPS-sized particles [%] 
EF0.4μm filter efficiency on 0.4μm-sized particles  [%] 
EF0 size-resolved efficiency of the single filter  [%] 
EF1 size-resolved efficiency of the pre-filter  [%] 
EF2 size-resolved efficiency of the main filter  [%] 
G particle gravitational settling coefficient [-] 
g acceleration of gravity [m/s2] 
Mtot overall particle deposition on a filter  [mg] 
mout particle size-resolved mass concentration in outdoor air
 [mg/(μm*m3)] 
mpre particle size-resolved mass concentration in the downstream air of the 

pre-filter [mg/(μm*m3)] 
mf0 particle size-resolved mass deposition on the single filter 
 [mg/(μm*m3)]  
mf1 particle size-resolved mass deposition on the pre-filter 
 [mg/(μm*m3)] 
mf2 particle size-resolved mass deposition on the main filter 
 [mg/(μm*m3)] 
P overall filter penetration rate [%] 
q electric charge on the particle [e] 
t filter medium thickness [m] 

Uo face velocity; 
A
VU o


=  [m/s]  

V  volumetric flow rate  [m3/s] 
V volume of the room [m3] 
A cross-sectional area of the filter; [m2] 
k  Air exchange rate  [h-1] 
EFOA outdoor air filtration efficiency  [%] 
EFIA indoor air filtration efficiency  [%] 
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Greek letters 
α packing density [%] 
µ viscosity; [Pa⋅s] 
η overall efficiency of the fan and motor [-] 
τ relaxation time  [s] 
ρp density of particles [kg/m3] 
εf relative permittivity (dielectric constant) of the fiber [-] 
ζo permittivity of a vacuum [-] 

Subscripts 
p particles f fiber 
R interception I impaction 

D diffusion G gravitational setting 

q electrostatic deposition v outdoor  air 
c recirculation d particle deposition 

inf infiltration air exf exfiltration air 

i,o indoor particles of outdoor 
origin 

i,s indoor particles of indoor 
emission 

 

Abbreviations 
MPPS Most Penetrating Particle Size 
UFPs Ultrafine Particles 
PAHs Polycyclic Aromatic Hydrocarbons 
SOA Secondary Organic Particle 
VOC Volatile Organic Compounds 
SVOC Semi Volatile Organic Compounds  
MVOC Microbial Volatile Organic Compounds  
ETS Environmental Tobacco Smoke  
BC Black Carbon 
OC Organic Carbon 
I/O Ratio of Indoor to Outdoor Particles Concentration 
IDA Indoor Air 
ODA Outdoor Air 
AER Air Exchange Rate 
SMPS Scanning Mobility Particle Sizer (SMPS) Spectrometer 
DMA Differential Mobility Analyzer 
CPC Condensation Particle Counter 
APC Aerodynamic Particle Counter 
DEHS Di-Ethyl-Hexyl-Sebacat (aerosol) 
SEM Scanning Electron Microscope 
ULPA Ultra-low Penetration Air (filter) 
HEPA High-efficiency Particulate Air (filter) 
EPA Efficient Particulate Air (filter) 
MERV Minimum Efficiency Reporting Value 
GF Glass Fiber Filter/filter Sheet 
CS Charged Synthetic Fiber Filter/filter Sheet 
US Uncharged Synthetic Fiber Filter/filter Sheet 
PM2.5 Fine Particles with Diameter less than 2.5μm 
PM10 Respirable Particles with Diameter less than 10μm  
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PM2.5-10 Coarse Particles with Diameter between 2.5μm and 10μm  

Definitions  

Ku Kuwabara Hydrodynamic Number; 
44

3
2

ln 2ααα
−++−=Ku  

Stk Stokes Number; 
f

o

d
U

Stk
τ

=  

Pe Peclet Number; 
D
Ud

Pe of=   
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1 Introduction 
Ultrafine particles (UFPs) are particulate matter with sizes less than 0.1 
micrometer (100nm), which typically contribute to 80% of the number 
concentration and a large portion of surface area of particulate matter in 
atmospheric environments[102]. Epidemiological and toxicological studies have 
established that UFPs are associated with the respiratory and cardiovascular 
morbidity and mortality. Moreover, many studies demonstrated that UFPs are 
more closely associated with morbidity and mortality than other fractions of 
particles, especially on cardiovascular diseases. Considering that people spend 
over 85% of their time indoors, a substantial reduction of indoor ultrafine particles 
concentrations may obviously reduce ultrafine particle exposure to the population. 
Therefore, efficient air cleaning techniques on UFPs are critical to reduce indoor 
UFPs level.  

1.1 Background 
Among various air cleaning techniques, air filtration is the most common used air 
purification method. Reducing personal exposure to indoor UFPs greatly relies on 
efficient filters being available on the market. However, the broadly used 
intermediate filters in residential and commercial buildings can be expected to 
have a big efficiency difference for capturing UFPs. At present, two particle filter 
standards are widely used, i.e. EN779 (2012)[42] and ASHRAE 52.2 (2007)[5]. 
Neither of them comprises performance with respect to ultrafine particles (UFPs) 
or particles of the most penetrating size (MPPS) for classification of intermediate 
class filters (also denoted medium and fine filters). This could turn out to be a 
major lack in classification standards since UFPs have been pointed out as a 
potential serious health hazard. Thus, it is meaningful to investigate the filtration 
efficiency of various intermediate filters in the market regarding their ability to 
capture UFPs (EFUFPs) and MPPS-sized particles (EFMPPS), as well as the 
correlation between EFUFPs, EFMPPS and the efficiency used for filter classification. 
In the European filter standard EN779, the classification efficiency is the filtration 
efficiency for 0.4 μm-sized particles (EF0.4μm)[42]. 

Due to the energy crisis, energy use has become an important criterion in 
evaluation of air cleaning applications. The pressure drop of ventilation air filters 
is increased with filter classes and is enhanced by the dust load in the long-term 
operation. Operating suitable filter class within suitable lifetime is important to 
saving energy during the long-term operation. At present, two-step filtration is 
commonly interested by the possible low life-time pressure drop through flexible 
changing the pre-filter and main-filter. Another way of reducing energy use is to 
reduce the pressure drop of the filters – while maintaining sufficient filtration 
efficiencies. Ionizer assisted air filtration may be such a kind of technology. Many 
studies have shown that ionization before a filter could enhance the original 
filtration efficiency for removing airborne particles, aeroallergens and airborne 
microorganisms and has negligible pressure drop increase[3, 55, 85, 115, 138]. However, 
the reliability of the performance and the potential generation of by-products (e.g. 
ozone) are critical problems associated with this application. 

Additionally, the particles from indoor and outdoor sources have different particle 
properties, different emission intervals and different association with occupants’ 
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activities. It has been found that indoor particle sources (including cooking, 
cleaning and movement of people) may contribute to 57-80% of indoor coarse 
particles, and 8-37% of indoor 0.02-0.3μm particles in residential buildings in 
Boston[1]. Therefore, it is of interest to know how to efficiently capture indoor 
particles both from indoor emission and outdoor penetration. Based on indoor 
particles dynamics, the above objective could be investigated from 
ventilation/filtration system design aspects, such as filter location and class, 
recirculated air flow percentage and supply air flow rate. 

1.2 Objective 
The first study objective is to investigate the efficiency of intermediate air filters 
to capture UFPs and submicron particles and the critical testing methods. Besides 
general build-up of knowledge, the objective is to evaluate various expressions of 
the filtration efficiency. The efficiency for removal of UFPs and particles of 
MPPS-size are of special interest, since it may be motivated to include the 
consideration of these particle sizes in future filter standards. The second 
objective is to investigate various filtration aspects on a system level. Here, a 
model study is developed on how to choose filter class and ventilation mode to 
remove indoor particles of different origins according to indoor particle dynamical 
fate. Then, two solutions on how to economically and efficiently filtrate “small 
particles” are studied. One solution is to use two-step filters instead of single 
filters. Another is to enhance filter efficiency through ionizer assisted air 
filtration.  

1.3 Perspective 
The research is funded by FORMAS and shall be seen in the context of evaluating 
measures to substantially reduce indoor personal exposure to UFPs. The reason 
for focusing on intermediate class fiber filters is that this type of filtration is the 
most common air cleaning technology used for protection of general indoor 
environments and the people occupying buildings. Most probably, major filter 
manufacturers have comprehensively studied such filters with respect to UFP 
removal. However, publication of results appears to be rather scarce. The issue 
has also been addressed by researchers in the field of indoor air quality. This 
thesis contributes to the knowledge in the area, with two fields focus: 1) 
evaluation of filter performance, 2) design and operation of systems with respect 
to filter performance, energy efficiency and costs. The study is conducted in three 
parts.  

− The first part is the literature study and is presented in Chapter 2. It is 
aimed to demonstrate the motivation to remove indoor UFPs, the control 
priority of particle sources as well as the application and problems of 
particle removal techniques at present. 
 

− The second part is an air filtration study of intermediate air filters and 
presented in Chapter 3-6. It is composed by four sub-parts.  

o Single-fiber efficiency theory and a simulation study based on 
measurements of filter media properties. It focuses on the effect of 
filter electrostatic charge on the shape of the efficiency curves.  

o Size-resolved filtration efficiency of intermediate air filters to 
capture UFPs and submicron particles.  
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o Relationship study between EFUFPs, EFMPPS and EF0.4μm and the 
influence from air velocity and electrical charge of upstream 
aerosol. 

o Filter testing methods and the influencing factors. The influence 
factors include upstream aerosols, neutralizers, air velocities and 
filter media. The electrical charge of upstream aerosol and filter 
fiber are in special attention. 
 

− The third part focused on system aspects of intermediate air filtration. It 
includes three parts in Chapter 7-9: 

o Identification of suitable filter locations, filter classes and 
ventilation modes to remove indoor particles originating from 
outdoor penetration and from indoor emission, respectively. The 
study is based on a particle number balance model.  

o Single-step and two-step filtration solutions are compared with 
respect to minimized annual total cost given certain filtration 
efficiency requirements.  

o Investigation of the performance of ionizer assisted air filtration. 
The purpose is to identify a suitable air filter and to study the 
influence of ion concentration and possible by-products emission.  

1.4 Methodology 
Chapter 2 is developed through an interdisciplinary literature review in the fields 
of aerosol science, indoor air quality and air cleaning technology. According to 
the literature summary, the research objectives are identified.  

The ventilation air filter study in Chapter 3-6 is mainly conducted in laboratory 
experiments and assisted with simulations based on the single-fiber efficiency 
theory. 

The application studies in Chapter 7-8 are based on mathematic models with 
experimental data as support. The experiment results come from previous 
laboratory measurements and measurements presented in the literature. 

The study of ionizer-assisted air filtration presented in Chapter 9 is conducted in 
three experiments in a small-scale filter test rig, a full-scale filter test rig and in 
the field. 

1.5 Thesis outline 
According to the above research objectives, the thesis is organized as follows. 

Chapter 1 is the introduction part. It presents the study motivation, the 
methodology and the thesis outline.  

Chapter 2 is a literature study in the fields of aerosol science, indoor air quality 
and air cleaning techniques. It provides the background information and 
motivation of the study.  

Chapter 3 is the study of single-fiber efficiency theory, in which calculated 
efficiency values are compared with measured efficiency values. 



   

4 

 

Chapter 4 is the methodological chapter for the experimental study of full-scale 
filters and filter sheets. The results are utilized in Chapter 5-6. 

Chapter 5 presents the measured size-resolved efficiency of intermediate filters as 
well as the influence of the testing methodology. 

Chapter 6 presents the relationship between EFUFPs, EFMPPS and EF0.4μm, as well as 
the influential factors. 

Chapter 7 is the modelling study on the control strategy of indoor particles from 
indoor emission and outdoor penetration according to their respective indoor 
dynamical fate. In this modelling study, the effect of filter locations on indoor 
particle removal is initially investigated in quality and quantity. 

Chapter 8 is the modelling study on the economical analysis and efficiency of 
single-step and two-step air filtration in urban and rural environments.  

Chapter 9 presents the experimental study on ionizer-assisted air filtration in 
various settings. It is also the pre-study of the long-term performance of ionizer-
assisted air filtration in demand controlled ventilation (DCV) systems.  

Chapter 10 summarizes the main conclusions achieved from the whole work 
presented in the thesis and outlines ideas for future research work. 

1.6 List of publications 
Peer reviewed papers 

− Shi, Bingbing; Ekberg, Lars. Field Evaluation of Ionizer-Assisted Air Filtration. 
Clima 2013, manuscript. The abstract has been accepted. 

− Shi, Bingbing; Ekberg, Lars; Langer, Sarka. Filtration efficiency of intermediate 
class filters for UFP and MPPS-sized particles and the relation to 0.4μm-sized 
particles. Aerosol science and Technology. Submitted. 

− Shi, Bingbing; Ekberg, Lars; Trüschel, Anders. et al. (2012) Influence of filter 
fiber material on removal of ultrafine and submicron particles using carbon fiber 
ionizer-assisted ventilation air filters. ASHRAE Transactions, 2012, Volume 118 
(Part 1),pp. 602-611. 

− Shi, Bingbing; Ekberg, Lars; Langer, Sarka. (2011) Removal of ultrafine 
particles and particles of the most penetrating size by new intermediate class 
filters. Proceedings of the Indoor Air 2011 Conference, Austin, USA. 

− Shi, Bingbing; Ekberg, Lars; Afshari, Alireza; et al. (2010) The effectiveness of 
portable air cleaners against tobacco smoke in multizone residential 
environments. Proceedings of the CLIMA 2010 Conference: 10th REHVA World 
Congress 'Sustainable Energy use in Buildings', r5-ts45-op02.  

− Afshari, Alireza; Shi, Bingbing; Bergsøe, Niels, et al. (2010) Quantification of 
ultrafine particles from second-hand tobacco smoke infiltration. Proceedings of 
the CLIMA 2010 Conference: 10th REHVA World Congress 'Sustainable Energy 
use in Buildings', r5-ts69-op01.  

− Shi, Bingbing; Ekberg, Lars; Fahlén, Per. (2009) Ultrafine particles control 
strategy in printer rooms: model and experiment study on portable air cleaner and 
HVAC combination. Proceeding of Healthy Buildings 2009, Syracuse, USA.  

http://publications.lib.chalmers.se/cpl/record/index.xsql?pubid=145192�
http://publications.lib.chalmers.se/cpl/record/index.xsql?pubid=145192�
http://publications.lib.chalmers.se/cpl/record/index.xsql?pubid=145192�
http://publications.lib.chalmers.se/cpl/record/index.xsql?pubid=129600�
http://publications.lib.chalmers.se/cpl/record/index.xsql?pubid=129600�
http://publications.lib.chalmers.se/cpl/record/index.xsql?pubid=129600�
http://publications.lib.chalmers.se/cpl/record/index.xsql?pubid=129601�
http://publications.lib.chalmers.se/cpl/record/index.xsql?pubid=129601�
http://publications.lib.chalmers.se/cpl/record/index.xsql?pubid=145208�
http://publications.lib.chalmers.se/cpl/record/index.xsql?pubid=145208�
http://publications.lib.chalmers.se/cpl/record/index.xsql?pubid=145208�
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− Ekberg, Lars; Shi, Bingbing. (2009) Removal of ultrafine particles by ventilation 
air filters. Proceeding of Healthy Buildings 2009, Syracuse, USA. 

Non peer reviewed papers 

− Ekberg, Lars; Shi, Bingbing. Kan ventilationsfilter fånga ultrafina partiklar 
inomhus. Husbyggaren - SBR - Svenska Byggingenjörers Riksförbund , 1 (2011) 
pp. 24-25. 

− Ekberg, Lars; Shi, Bingbing. (2010) Removal of ultrafine particles by ventilation 
air filters. SWESIAQ conference Nordic Indoor Air Update, Stockholm, Sweden.  

− Afshari, Alireza; Bergsøe, N.C.; Shi, Bingbing, et al. (2010). Naborøg og 
overførsel af partielforurening. HVAC - Magasin for klima- og energiteknik, 
miljø, bygningsinstalltioner & -Netværk, 1 (2010) pp. 24-30.  

  

http://publications.lib.chalmers.se/cpl/record/index.xsql?pubid=107881�
http://publications.lib.chalmers.se/cpl/record/index.xsql?pubid=107881�
http://publications.lib.chalmers.se/cpl/record/index.xsql?pubid=145203�
http://publications.lib.chalmers.se/cpl/record/index.xsql?pubid=145203�
http://publications.lib.chalmers.se/cpl/record/index.xsql?pubid=145198�
http://publications.lib.chalmers.se/cpl/record/index.xsql?pubid=145198�
http://publications.lib.chalmers.se/cpl/record/index.xsql?pubid=145200�
http://publications.lib.chalmers.se/cpl/record/index.xsql?pubid=145200�
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2 Literature review 
UFPs have attracted broad attention in recent years due to their adverse health 
effects. Epidemiological and toxicological studies have shown that UFPs are 
probably more hazardous than particles in other fractions. Their special physical 
and chemical properties make them much easier to cause various health effects 
than particles in other size fractions. At the same time, UFPs have also become a 
hot topic in the related fields of aerosol sources, indoor air quality and air cleaning 
techniques. This chapter provide a state-of-art review of the current ultrafine 
particle literature. The aim is to present the motivation of the work as well as 
future studies.  

2.1 UFPs and health effects  

2.1.1 UFPs  
Airborne particles are normally classified according to their aerodynamic diameter 
in specific size fractions, such as PM10 (respirable particles, dp<10μm), PM2.5-10 
(coarse particles, 2.5 to 10μm), PM2.5 (fine particles, dp<2.5μm) and UFPs 
(ultrafine particles, dp <0.1μm), see Figure 2.1.  

 

Figure 2.1 Volume size distribution that might be observed in traffic[146]. 

Particulate matter could be generated from various sources and distributed in 
different particle size modes, i.e. nucleation, Aitken mode, accumulation and 
coarse mode. UFPs are mainly derived from combustion and condensed phase 
species generated from the nucleation of gas phase species. They are initially 
formed in the nucleation mode, and then grow by coagulation into the Aitken and 
Accumulation modes.  

javascript:void(0);�
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UFPs exhibit special physical, chemical and biological characteristics compared 
to particles in other size fractions. For example, UFPs have an extremely large 
ratio of surface area to mass[16, 109], and a high deposition rate in the low 
respiratory tract[109]. Their relatively large surface area greatly enhances the 
capacity to carry a substantial amount of adsorbed or condensed toxic air 
pollutants into the lower respiratory tract[31]. Consequently, many studies indicate 
that UFPs have a much higher potential to cause health risks than larger particles 
[16, 29, 31, 33, 72, 111, 121, 126, 139]. Recently, toxicological and epidemiological studies 
have focused on health effects due to personal exposure on UFPs. 

2.1.2 Epidemiological studies 
Since the event of London great smog in December 1952, air pollution and its 
health effect have been attracting worldwide attention. In the London smog event, 
the number of fatalities would be approximately 12,000[11] rather than the 3,000-
4,000 which were generally reported for the episode. Airborne particles were 
commonly accepted as one of the main causes. Hund et al.[66] presented that UFPs 
from coal and diesel combustion is one of several possible etiologic agents in the 
event. After the London smog event, many epidemiological studies started to 
investigate what and how air pollutants associate with mortality and morbidity. 
An critical study from Dockery et al.[35] established a clear association between 
fine particulate matter and the mortality in six U.S. cities. The initial 
epidemiological studies focused on the relationship between particle mass 
concentration (e.g.10 μg/m3) and daily mortality. From then on, many studies 
identified an increased rate of mortality with increased mass concentration of fine 
particles[15, 123, 136]. Pope et. al. [123] found that each 10 µg/m3 elevation in fine 
particulate air pollution was associated with approximately a 4%, 6%, and 8% 
increased risk of all-cause, cardiopulmonary, and lung cancer mortality 
respectively. However, many later epidemiological studies found that particle 
number concentration values can better estimate the health consequences induced 
by particle exposure compared to particle mass concentration values [26, 31, 61, 64]. 
On one hand, fine particles, especially UFPs, have small mass concentrations, but 
their number and surface concentrations are substantially higher compared to that 
of PM10. On the other hand, small particles have higher deposition rate in the low 
respiratory tract than large particles. Thus, small particles can carry higher 
concentrations of toxic air pollutants into the lower respiratory tract[26, 31]. Up to 
now, some epidemiological studies and toxicological studies have presented 
associations between the exposure to UFPs and respiratory and cardiovascular 
diseases [17, 52, 130, 142, 160]. Gilmour et al.[52] discovered that, in rats exposed to fine 
and ultrafine carbon particles, there is a consistent inflammatory effect of UFPs, 
which is even stronger than for the same exposure to fine particles. Stölzel et 
al.[142] found an association between UFPs and cardio-respiratory mortality. 
Wichmann et al.[160] found a more delayed association for UFPs than for fine 
particles and the overall association was slightly stronger for respiratory diseases 
than for cardiovascular diseases. 

2.1.3 Toxicological studies  
Furthermore, toxicological studies have demonstrated that UFPs can translocate to 
extrapulmonary organs via the blood circulation[83, 110] and to the central nervous 
system via olfactory nervous[39, 109] as well as induce the formation of reactive 
oxygen species[158]. Some studies found that UFPs have substantially higher 



   

9 

 

toxicity per unit mass than larger particles [19, 62]. Li et al.[88] established that UFPs 
had stronger potential toward oxidative stress due to enhanced biologic potency 
than coarse and fine particles. Wilson et al.[161] demonstrated that the interaction 
of UFPs and metal components in the lung generated inflammation.  

At present, epidemiological and toxicological studies are focused on 
distinguishing the health effect of UFPs from that of fine particles and health 
effects of UFPs on cardiovascular system. Toxicological studies found inhaled 
fine particles and UFPs are transported into the organisms through different 
routes. Being different to larger fine particles, UFPs escape phagocytosis by 
alveolar macrophages and translocate to extrapulmonary organs, leading to the 
production of oxygen radicals[131]. 

2.1.4 Potential mechanisms 
Up to now, scientists have concluded that five mechanisms of airborne particles 
can result in adverse health effects: pulmonary effects; cardiovascular effects; 
blood effects; prenatal outcomes and neurotoxic effects. Figure 2.2 summarizes on 
what organs can be affected by airborne particles through the above five 
mechanisms[119].  

 

Figure 2.2 Organs of human body that can be affected by air pollution [119]. 

Particulate matter involves in all five mechanisms to induce the health effects. For 
lungs, the mechanism appears to be clear and should be oxidative 
stress/inflammation. Furthermore, many studies found that UFPs were more 
potent than fine and coarse particles to induce oxidative stress[88]. For the 
cardiovascular systems, there are three hypothesized mechanisms, see Figure 2.3. 
For blood, a general opinion is that the blood markers of inflammation are 
positively associated with airborne particles[122, 130, 137]. Pietropaoli et al.[122] 
discovered that the pulmonary diffusing capacity for carbon monoxide (CO) is 
reduced after inhalation of carbon UFPs for two hours in healthy subjects. 
However, the mechanism is difficult to be concluded due to the limited studies at 
present. For prenatal outcomes, Slama et al.[141] summarized three possible 
biological mechanisms although they are not clear enough due to insufficient 
studies. The study demonstrated that PM2.5 and PM10 are positive in these three 
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mechanisms, and UFPs need to be studied in the future research. For neurotoxic 
effects, the main hypotheses include air pollution-induced inflammation and/or 
oxidative stress and a translocation of UFPs to the brain. It is already 
demonstrated that airborne particles can influence children’s olfactory neurons[21]. 
Additionally, a critical paper from Peters et al.[120] reviewed the evidence for 
mechanisms involved in the translocation of particles from the lung to other 
organs, including the brain. The above five mechanisms are achieved or 
hypothesized from previous studies. More studies are needed to clarify and further 
prove these mechanisms. 

 
Figure 2.3 Possible mechanisms that link air pollution with increased 

cardiovascular morbidity and mortality[4]. The question symbol 
means that the indicated mechanisms are based on assumptions. 

Figure 2.3 shows three main pathways linking ambient air pollution to 
cardiovascular health effects[131]. 1) particles deposited in the pulmonary tree can 
alter systematic autonomic balance leading to parasympathetic nervous system 
withdrawal and/or sympathetic nervous system (left side in the figure); 2) 
Circulating pro-oxidative and/or proinflammatory mediators released from the 
lungs may induce a systemic chain reaction (middle in the figure); 3) UFPs or 
soluble particle constituents may rapidly translocate from the pulmonary 
epithelium into the circulation and interact directly with the cardiovascular system 
(right side in the figure). Pathway 3 is limited to UFPs, while the other two 
pathways may well be possible for coarse PM fractions. In blood circulation, 
UFPs might also have direct effects on the heart and other organs.  
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2.1.5 Particle properties 
The chemical composition and physical properties of particles are critical to their 
health effects. Table 2.1 presents the critical characteristics of different particle 
fractions.  
 
Table 2.1 Characteristics of different particle fractions, adapted from Araujo and 

Nowell, 2009[4]. The number of “+” represents the relative amount. 

Parameter Coarse particle 
(PM2.5-10) 

Fine particles 
(PM2.5) 

Ultrafine 
particles (UFPs) 

Number per μm3 + ++ +++ 

Mass (μg) per μm3 +++ ++ + 

Surface area + ++ +++ 

Lung penetrability + ++ +++ 

Bioavailability of 
active compounds + ++ +++ 

Redox activity + ++ +++ 

Relative content (% of total mass) 

Elemental carbon + ++ +++ 

Organic carbon + ++ +++ 

PAHs + + +++ 

Metals +++ ++ + 

 

In Table 2.1, UFPs have a higher order of magnitude than fine and coarse particles 
for all characteristics except mass concentration and metal content. The health 
effects of UFPs introduced in sections 2.1.1-2.1.3 could be explained from the 
physical properties of UFPs summarized in Table 2.1. For the chemical content, 
pro-oxidative polycyclic aromatic hydrocarbons (PAH) could promote oxidative 
stress[105]. The black carbon (BC) and organic carbon (OC) contribute the toxicity 
of the particles [34, 103] through oxidative stress. UFPs could also interact with 
metal components in lung and generate inflammation[161]. Therefore, it is 
reasonable to suspect that UFPs are the most toxic particles among different 
particle fractions.  

2.2 UFPs exposure and the ratio of indoor to 
outdoor particle concentration 

The study of personal exposure to airborne particles is motivated by 
epidemiological studies. The exposure to ambient particles has been in focus for 
many years because the health effects caused by ambient particles are established 
in many epidemiological studies [35, 75, 91, 123, 157]. Comparatively, there is not 
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enough literature that show whether the health effects from indoor aerosols are 
significant or not. Some literature has demonstrated that the health effects are not 
caused by exposure to indoor generated particles[162], while more literature has 
stated that the published research is not sufficient to conclude that indoor particle 
sources are irrelevant to health effect[27]. 

Since epidemiological studies have found statistical associations between ambient 
particle concentrations and mortality/morbidity, ambient concentrations are 
commonly used as an important estimator on personal particle exposure in 
epidemiology studies. However, personal exposure to particles is the sum of 
personal exposure to outdoor-generated particles and indoor-generated particles in 
various microenvironments where people spend time. Since people in the world 
spend about 85% of their time in indoor environments, investigating the 
relationship of indoor and outdoor particulate matter and the relative contributions 
of particles of indoor and outdoor origin are critical to effectively control personal 
exposure to particles of indoor and outdoor origin. The ratio of indoor to outdoor 
particle concentration (I/O) is an important parameter to identify the influence of 
outdoor particles on the indoor environment. Because epidemiological studies 
have focused on health effects associated with ambient particle levels, it is 
meaningful to research this ratio for various settings.  

The I/O concentration ratios depend on building type and indoor personal 
activities. Matson [94] observed that the I/O ratios for office buildings were 
between 0.5 and 0.8 over working time in absence of indoor UFP sources, e.g. 
cigarette smoking. However, the I/O ratios in residential buildings were up to 
approximately 2.5 as an average for about 15 hours. The high I/O ratios in 
residential buildings were associated with cooking and candle burning. Several 
previous studies have concluded that outdoor particle sources, primarily local 
traffic, are major contributors to the indoor particles with the absence of strong 
indoor sources, while indoor sources can result in very high, short-term increases 
in indoor concentrations[81, 94, 96, 152, 166]. 

The I/O ratios of UFPs are greatly depending on particle size. Zhu et al.[166] 
observed that larger particles (70∼100nm) had higher I/O ratios (0.6∼0.9), while 
smaller particles with 10∼20 nm in diameter had lower I/O ratios (0.1∼0.4); both 
observations under infiltration conditions with  air exchange rates (AER) of 0.3∼ 
1.1 h-1. Additionally, Koponen et al.[81] established that the I/O ratio of nucleation 
mode particles was not strongly depending on the ventilation rate, while the 
opposite was observed for accumulation mode particles.  

The I/O ratios can be adjusted by the ventilation mechanism. Zhu et al.[166] 
observed that for buildings with mechanical ventilation, the highest I/O ratios 
were found when windows are open; a case when the I/O ratios were very close to 
1.0 across all particle sizes. However, much lower I/O ratios were observed with 
closed windows under mechanical ventilation conditions which were probably 
attributed to the filtration of particles in the supply air through the ventilation 
system. Increasing ventilation rates enhances I/O ratio of particles larger than 
90 nm. 

The I/O ratios are closely related with the class of air filters in ventilation systems. 
Hussein et al.(2004)[67] observed I/O ratios for UFPs in the range 20%∼85% in an 
office building without strong indoor sources and a G3 class filter in the supply 
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air. Matson [94] observed I/O ratios about 45%-50% in a building equipped with 
F6 class of supply air filter at an air change rate around 1.5h-1. Additionally, 
Koponen et al. [81] discovered that when operating an F7 class filter in the supply 
air, the I/O ratios of UFPs are only 5%∼25%. In Figure 2.4, the I/O ratio curves 
are compared with the penetration curves of the filters used in the studies 
mentioned above. In the figure, the I/O ratio is lower than the penetration factor of 
the corresponding filter. The difference is expected to be the deposition rate of 
ultrafine particle during the transportation.  

 

Figure 2.4 Indoor-to-outdoor concentration ratios presented as mean (dot), 
median (×), standard deviation (box), and 5% and 95% percentiles 
(bars)[68]. I/O values observed in office rooms served by mechanical 
ventilation systems: G3 class filter and air exchange rate of 3h-1 in 
Hussein et al. [67], and F7 class filter and air exchange rate of 3.75h-1 

in Koponen et al.[81]. The results are compared to the ASHRAE class 
filter standards[58] and BS EN779 at the minimum efficiency[58].  

The I/O ratios are additionally influenced by air penetration through the building 
envelope. Liu and Nazaroff (2001)[90], Thornburg et al. (2001)[144] and Hussein 
(2005)[68] studied the size-resolved penetration factor and models for estimation of 
this factor. As a common result, the maximum penetration factor was found for 
particles between 0.1 μm and 1.0 μm in diameter. 

In summary, the I/O ratios decrease when the particle infiltration through the 
building envelope and the air-handling unit is reduced. Mounting a high efficiency 
filter in supply air and using room air cleaners or filtrated recirculated air can 
further reduce I/O ratios. However, if a strong particle source is present indoors, 
the I/O ratios would substantially increase and the relationship between indoor 
and outdoor particle concentration would be weak. Consequently, with the 
presence of strong indoor sources, outdoor particle concentration cannot be used 
as a reliable estimator in the prediction of indoor concentrations and personal 
exposure in epidemiological studies[152]. Furthermore, the chemical composition, 
size and physical characteristics are probably different for the indoor-generated 
particles and outdoor-generated particles due to the different properties of particle 
sources, see section 2.3. Therefore, it is supposed that distinguishing between 
personal exposure to particles of indoor origin and outdoor origin is indispensible 
to better assess human exposure to UFPs and to evaluate air cleaning strategies. 
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2.3 Outdoor and indoor main sources of UFPs 
The special properties of UFPs include: small enough to penetrate into cell 
membranes; extremely large surface area per unit mass and the highest deposition 
efficiency in alveolar region of the lungs. Thus they are generally supposed to 
deliver large amounts of potentially toxic compounds to cell. Numerous previous 
literature studies have established that different particle emission sources give 
specific particle size distributions and chemical compositions, which are 
associated with different health effects. It is reasonable to apply different control 
priorities on different particle sources. This section presents the main sources of 
UFPs in indoor and outdoor environments and the properties of the generated 
particles. 

2.3.1 Outdoor combustion 
Particulate matter from combustion is generated from the direct combustion 
process and secondary combustion particles including sulfates and nitrates. Pope 
et al. (2002) established that long-term exposure to fine particles from combustion 
would increase the risk of cardiopulmonary and lung cancer mortality by 
approximately 6% and 8% respectively[123]. Many toxicological studies indicate 
that UFPs deposited in the lung can cause a greater inflammatory response than 
larger particles[40, 77, 108]. The main reason could be that UFPs not only have the 
highest deposition efficiency in the alveolar region of the lungs, but also have an 
extremely large surface area per unit mass which make them absorb much more 
contaminants in combustion flue gas than larger particles do. The contaminants in 
gas from the combustion include toxic metal (lead, cadmium arsenic, chromium 
and zinc), sulfur, PAHs, CO, NOx and partially oxidized hydrocarbons[154]. 
Normally, the source could be distinguished as traffic exhaust and coal/biomass 
combustion.  

2.3.1.1 Traffic exhaust 
Traffic exhaust is one of two main outdoor sources of UFPs[50, 79], and the other is 
atmospheric reactions. Up to date, a large portion of epidemiological studies on 
airborne particles have focused on combustion particles from gasoline- and diesel-
powered motor vehicles. The particles from such sources have the clearest close 
association with significant health effects[7, 30, 72], such as DNA damage. Many 
studies have presented significant high concentrations of UFPs near major 
freeways, and have implied increased exposure to harmful pollutants in the around 
areas [127, 165]. Most of particles emitted by engines are in the ultrafine particle size 
range[20, 60, 79], while most of particle mass is in the accumulation mode, 
50nm<dp<1000 nm[79]. Figure 2.5 shows the size-resolved number concentration 
of particles emitted from a heavy duty diesel engine[20]. The different curves 
represent particles emitted from different engines at different operating 
conditions. The mean particle diameter is in the range from 60 nm to 100 nm[59, 

60].  
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Figure 2.5 Size-resolved concentration of particles emitted from a heavy-duty 
diesel engine [20]. 

 

Figure 2.6 Typical size distribution of engine exhaust particles in mass and 
number weighting. The diagram is adopted from Kittelson,1998[79]. 

Figure 2.6 shows the idealized size distribution of engine exhaust particles in 
mass and number weighting[79]. Most of particle mass exists in the accumulation 
mode, especially in the diameter range 0.1-0.3μm. Particles in this mode are 
carbonaceous agglomerates and associated absorbed materials residue. However, 
most of the particle number is found in the nuclei mode, typically in 0.005-
0.05μm diameter range. Particles in this mode are composed of volatile organic 
and sulfur compounds that form during exhaust dilution and cooling, some of 
them also contain solid carbon metal compounds. Additionally, the coarse mode 
contains 5-20% of the particle mass, but just a very few percent of the particle 
number. In summary, the particles from automobile exhaust distribute 1-20% of 
the mass and 90% of the number in nuclei mode. In addition, researchers have 
found that the UFP concentration around a highway or freeway was increased 
with traffic volume, while reduced with wind speed and relative humidity [25].  
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2.3.1.2 Coal and biomass combustion 
Coal and biomass combustion is another strong UFPs source. Unlike traffic 
exhaust, the sources of such are normally located in suburb and rural areas in 
modern society. This means that the emission does not closely and directly affect 
the health of the population in urban, at least not as the emission of traffic exhaust 
does.  

Combustions from coal and biomass also have particle size distributions that are 
different from that of traffic exhaust. Urciuolo et al.[145] indicated that the diameter 
of particles with peak concentration generated from biomass combustion of pine 
shells was 5 nm and 15 nm and from coal combustion was 4-5 nm. An example 
study is presented in Figure 2.7. 

 

Figure 2.7 Particle size-resolved number concentration in the air flame feeding 
the Colombian coal[23]. MD: the equivalent diameter of a sphere of 
equal volume. 

Figure 2.7 shows the size-resolved number concentration of particles generated 
during coal combustion[23]. The study indicated that the number concentration of 
particles of sizes between 1 nm and 3 nm are significantly high. However, when 
increasing particle diameter, particle size-resolved number concentrations are 
reduced by four orders of magnitude. In general, the diameter of most of fuel 
combustion particles is in the size range of UFPs. Additionally, the local flame 
temperatures and the oxygen concentration surrounding coal particles would 
affect the particle formation mechanisms[22]. 

 

2.3.2 Indoor main sources 

2.3.2.1 Tobacco smoke 
Epidemiological and toxicological studies have demonstrated that environmental 
tobacco smoke (ETS) has a close relationship with many adverse health effects 
including lung cancer, asthma onset and exacerbation and acute respiratory 
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illness[112]. Recent studies established that tobacco smoking also caused cancer in 
the organs of nasal cavities, paranasal sinuses, nasopharynx, liver, stomach, 
kidney and uterine cervix[133]. Moreover, non-smokers exposed to second-hand 
smoke are also at the risk of increased morbidity and mortality related with heart 
disease, asthma, infant death syndrome and other related diseases[133]. The study 
indicated that non-smokers exposed to secondhand tobacco smoke at the 
workplace have a 16-19% increase in lung cancer risk. To protect non-smokers 
from the exposure of second-hand tobacco smoke, many countries have 
implemented laws to ban indoor smoke in public buildings after 2000.  

 

Figure 2.8 Size-resolved number concentration of ETS particles varied with time 
due to one low-tar cigarette[106]. 

Figure 2.8 shows that the size-resolved number concentration of ETS particles 
varied with time in a decay process[106] after the cigarette was extinguished. The 
presented ETS particles were emitted from a low-tar cigarette. The figure shows 
that the large number of ETS particles are in the size range of submicron and 
UFPs.  

After the smoking restriction in public buildings, some studies have surveyed that 
children were still at risk of high exposure to second-hand tobacco smoke in their 
home[97, 135]. Additionally, in the investigation of 328 asthmatic children living in 
low-income census tracts of seven U.S. cities, the major indoor particle source 
was tobacco smoking[151]. The study indicated that poor ventilation was prevalent 
in the asthmatic children’s homes. The poor ventilation was considered to 
aggravate the children’s exposure to the second-hand smoke.  

Considering that second-hand ETS could be continuously elevated in residential 
buildings after the smoke ban, efficient removal of ETS particles through 
ventilation systems or portable air cleaners is supposed to be an effectual solution 
to protect people, especially children, from second-hand smoke in residential 
buildings. 

2.3.2.2 Combustion of cooking and candles  
Besides tobacco smoke, a large amount of UFPs are also generated from gas stove 
cooking, especially frying[149, 150], through incomplete combustion of fuel, oil and 
food. Some epidemiologic studies established that gas stove cooking is associated 
with some health effects including respiratory diseases and lung cancer [76, 80, 98]. 
For example, cooking was a significant particle source in homes of 328 surveyed 

http://en.wikipedia.org/wiki/Heart_disease�
http://en.wikipedia.org/wiki/Heart_disease�
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asthmatic children[151]. Wallace et al.[150] established that cooking were capable to 
emit about 1014 particles over 15 min of the cooking period, furthermore more 
than 90% of them were UFPs. Figure 2.9 shows the mean source strength 
(particles/h) and the associated standard deviations for the measured 33 cooking 
episodes. Comparing the particles in morning and evening cooking over a whole 
year (600 h) to that in non-cooking period at the same time, the study indicated 
that cooking was able to generate more than 10 times of UFPs compared with the 
number which was observed during non-cooking periods.  

 
Figure 2.9 Mean source strength (particles/h) and associated standard deviations 

for 33 cooking episodes employing a differential mobility analyzer 
linked to a condensation particle counter (DMA-CPC) and an 
aerodynamic particle counter (APC)[150]. 

Candle burning is another significant source of UFPs. Incomplete combustion in 
the flame generates a large amount of soot particles. Soot particles from candles 
are dominating in size from 0.03 to 3 μm [2]. Thus, there might be a health hazard 
from candle burning[113, 155]. It is also related with the release of metal additives 
from the wick and colour pigments. Heavy metals such as zinc, tin and lead are 
added to the wick to improve mechanical stability in some certain types of 
candles. The added colouring pigments probably also contain heavy metals.  

Pagels J. et al.[113] established the size-resolved particle number concentration for 
four candles, see Figure 2.10. The experiment was conducted in a chamber with a 
volume of 21.6m3 and an air exchange rate of 0.5h-1. Candle I was made up with 
white pure stearin wax, while Candle II was made up of a wax consisting of a 
combination of stearin and paraffin. In the figure, the particle size distributions are 
dominated by particles <1000 nm, especially in the UFPs size range. Additionally, 
Li and Hopke estimated that, for particle emissions from a steady burning single 
paraffin wax candle, the initial particle size distribution was around 30 nm in 
diameter and dominated by UFPs[89]. 
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Figure 2.10 Size-resolved particle number concentration in a 21.6 m3 chamber 
during steady and sooting burn of four candles. Air exchange rate 
was 0.5 h−1[113]. 

2.3.2.3 Printers 
In recent years, many researchers have found that laser printers and photocopiers 
are important indoor sources of particulate matter, ozone, volatile organic 
compounds (VOCs) and semi volatile organic compounds (SVOCs)[63, 134, 159]. As 
for the above sources, UFPs dominate the number concentrations of the generated 
particles. However, the emission rates of particle number are related with printer 
specific and influenced by toner coverage and cartridge age[63]. 

 

Figure 2.11 Average size-resolved number concentrations of particles generated 
by the three different printers[63]. Standard errors are presented as 
error bars. 

Figure 2.11 shows the average size-resolved number concentrations and the 
associated standard errors of particles generated by the printer A-C [63]. The 
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particles emitted from the three printers have significantly different number 
concentrations and size distribution. UFPs dominate 76% of number concentration 
of total submicron particles generated by printer A, while for printer B and C, this 
value was about 98%-99%. Additionally, the emission rate of printer C is 
approximately two orders of magnitude higher than that of printer A and one 
order of magnitude high than that of printer B. Moreover, this study also indicated 
that the operation with new cartridge and large toner coverage emitted more 
particles than the operation with old cartridge and small toner coverage.  

To understand and control particle generation during printing, some limited 
studies showed the possible mechanisms of UFPs formation in photocopying[86, 

101]. Lee et al.[86] summarized three possible mechanisms: nucleation and 
condensation of low vapor pressure substances; oxidation of VOC; ion-induced 
nucleation. Corona devices are suspected to be a critical component in printer 
because their byproducts, ozone, NOx, radicals and ions, are closely associated 
with the second and third mechanisms. As same as the first two mechanisms 
pointed out by Lee et al.[86], Morawska et al.[101] suspect that the particles are 
formed through: direct volatilization and nucleation of low vapor pressure 
substances (e.g. SVOC) from toners; secondary organic particle (SOA) formation 
through a chemical reaction between VOC and ozone. Additionally, the study 
established that particle emission rates are closely associated with fuser 
temperature fluctuation.  

2.3.2.4 Cleaning products and air-fresheners 
There is an increasing interest on indoor chemical reactions leading to SOA 
formation. Terpenes, such as pinene and limonene, are widespread used as an 
additive in detergents and air-fresheners for a pleasant fragrance. Many 
investigations have indicated that the chemical reaction between terpenes and 
ozone in the indoor environment generates a great amount of secondary organic 
aerosol which is dominated in the ultrafine particle size range[100, 132, 143]. At 
present, limited health effect studies have reported that SOA were not the agents 
causing adverse effects on mice when they are short-term exposed to a by-product 
mixture of terpenes and ozone[163]. However, the long-term health effect is still 
unclear now.  

Indoor O3 concentration is critical to SOA formation. Morawska et al.[100] reported 
that during cleaning activity utilizing detergents in a school, when indoor O3 the 
concentration is less than 0.005ppm, UFPs number concentration only slightly 
increases. However, if the O3 concentration is above this level, UFPs are formed 
at a substantial rate. Furthermore, Langer et al.[84] established that the peak 
concentration  of the generated UFPs was logarithmically related to initial 
[O3]*[limonene].  

Figure 2.12 shows the evolution of particle concentration during the chemical 
reaction between ozone and limonene in a chamber. The generated SOA were 
initially dominated in UFPs size range (0.02-0.1 μm in test), and subsequently the 
particles grew in size. Morawska et al.[100] made a similar observatoin of SOA 
formation when using detergents for cleaning in a school. Additionally, air 
relative humidity can effectively influence the growth of SOA[147]. 
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Figure 2.12 Evolution of particle concentration during the chemical reaction 
between ozone and limonene in a chamber[132]. Initial O3: 163 ppb; 
Initial limonene: 155 ppb; Air exchange rate: 0.7 h-1. 

2.3.2.5 Industry workplace 
UFPs are also generated during the work process in industries. Typically, UFPs 
are produced in workplaces involving hot processes such as smelting, welding, 
soldering and plasma spraying. Wake et al.[148] measured that UFP number 
concentrations were above 5.0×105 particles/cm3 in the process of plasma 
spraying, galvanizing, welding, steel foundry, welding, plastic welding and hand 
soldering. Some studies also demonstrated that the number concentration of UFPs 
in the workplace were >1.0×105 particles/cm3 in a welding process[18], 2.0×104-
2.8×105 particles/cm3 in an iron foundry process[24], 7.0×104-2.8×105 particles/cm3 
in an automotive grey-iron foundry process[46]. Additionally, UFPs can also be 
generated during mechanical processes as such as grinding, cutting and 
polishing[167]. This study demonstrated that UFPs were generated by various 
substrates through vaporization or combustion of the substrate material. 

2.4 Particle removal techniques  

2.4.1 Air filtration 
Among various air cleaning techniques, air filtration is the most widely used and 
developed method for air cleaning. Corresponding to the efficiency from low to 
high, air filters are classified to be coarse filters (G1-G4), medium filters (M5-
M6), fine filters(F7-F9), Efficient Particulate Air (EPA) filter (E10-E12), high-
efficiency particulate air (HEPA) filters (H13-H14) and ultra-low penetration air 
(ULPA) filters (U15-U17) in standards EN779:2012[42] and EN1822-1:2009[44]. In 
the previous standard EN779:2002[41], both medium filters (M5-M6) and fine 
filters (F7-F9) are grouped as fine filters or intermediate filters (F5-F9). To the 
previous standard EN1822-1:1998[43], the E10-E12 filter classes were denoted 
H10-H12, and were considered to belong to the HEPA filter category.  

Among the above filters, the low packing density filters (e.g. coarse, intermediate 
filters) are commonly used in commercial and residential buildings. They have a 
wide range of collection efficiencies for ultrafine and submicron particles. HEPA 
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and ULPA filters are commonly used in indoor environments with special 
requirements, such as clean rooms in laboratories, factories and hospitals. 
Additionally, HEPA filters are also often used in portable air cleaners. The 
filtration efficiencies of HEPA and ULPA filter are substantially high, while the 
corresponding pressure drops are also high, which means that they are 
uneconomical to be used in commercial and residential buildings.  

There are plenty of theoretical and experimental studies on the air filtration of 
fibrous filters. The total filtration efficiency is the sum of the particle collection 
efficiencies achieved by the mechanisms of interception, inertial impaction, 
diffusion, gravitational settling and electrostatic attraction. The particle collection 
efficiencies of these five mechanisms are determined by filter media properties, 
for example fiber diameter, packing density, media thickness, and working 
conditions, such as air flow velocity. The filtration theory and simulation study 
are further introduced in Chapter 3.  

Filter application decision should be made under consideration of the indoor and 
outdoor particle concentration[45]. For example, to achieve a moderate indoor air 
quality, EN13779 recommends two-step filtration by F5 and F7 class filters or at 
least a single stage filtration by F7 class filter. Additionally, the air leakage in 
building envelopes and ventilation systems can greatly influence the real 
application performance of air filters. High air leakage in the building envelope 
can greatly reduce the performance of class F7 and higher class filters. A 10-mm 
gap causes a minimum efficiency reporting value (MERV) 15 filter 
(approximately filter class F9 in EN779) to perform as a MERV 8 filter 
(approximately filter class G4 in EN779) [153]. More literatures on filter 
applications are summarized in section 2.5. 

A main problem of mechanical air filters is that the dirty filter may act as a 
pollution source (the clean outdoor air is drawn through the “dirty” filter). 
Oxidation of pollutants in the filter (e.g. chemical reaction with ozone) results in 
new pollutants, e.g. odorous ones. Regular replacement of air filters within a 
suitable time [45] and the application of activated carbon filters[9] are efficient 
solutions. The detail of the filter by-products and solutions are discussed in 2.6.  

2.4.2 Ion generators 
An ion generator, also called ionizer, is an electronic device that charges aerosol 
particles electrically. The work mechanisms are: firstly, airborne particles are 
charged when ions attach on them; then, the charged particles stick to each other 
and become big particles, finally, the particles attract to or deposit on the 
surrounding surfaces, e.g. ventilation duct and filter. The technique has the 
advantage of potentially high collection efficiency on fine particles and an almost 
zero pressure drop of the ionizer itself. Ionizers are sometimes used together with 
air filters in ventilation systems or in portable air cleaners. Many studies have 
investigated ionization for removal of airborne particles, aeroallergens and 
airborne microorganisms from indoor air in various settings [3, 55, 85, 114, 115, 138]. The 
studies found that air filters assisted with ionizers located upstream can enhance 
the collection efficiency of the filter, while not affect the pressure drop. The most 
commonly used technique is negative ions discharged by unipolar corona. 
Additionally, because ionizers may generate by-products, such as ozone and NOx, 
low ozone generation is an important evaluation criterion on ionizers.  
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As a common interesting application at present, ionizer assisted air filtration 
becomes popularly used in the ventilation systems. However, the long-term 
performance of this application has been investigated to a little extent only. Also, 
studies of the suitable filters and ion concentrations are very limited. Thus, to 
evaluate the present application and support further development, it is in a high 
requirement to conduct studies on this topic. 

2.4.3 Electrostatic precipitators 
Electrostatic precipitator is another kind of electronic air purifier utilizing an 
ionizer. They charge particles in a similar way. Firstly, the particles are charged 
when they pass through an ionizing mechanism with air flow; then the charged 
particles pass a group of plates which have the opposite charges, e.g. positively 
charged plates corresponding to negatively charged particles. Finally, the charged 
particles stick to the plates by the electrostatic force and are then removed from 
the air stream. They are capable of efficiently removing fine particles from the air 
stream and having very low air flow resistance. In many cases, an electrostatic 
precipitator is used together with an ion generator in ventilation systems or 
portable air cleaners. The ion generator works as a pre-processor in front of 
electrostatic precipitator. Ozone is still a potential main by-product of electrostatic 
precipitators.  

2.5 Filter applications and recommendations 
Air filters could be a critical factor on indoor air quality. Considering that air 
filters are commonly used in the supply air of mechanical ventilation systems, 
they play an important role on the transport of air pollutants from outdoor to 
indoor or between multi-rooms. Jamriska et al.[74] indicated that the removal 
efficiency of a “medium” filter (filtration efficiency was 20% according to 
Australian standard AS1324.2 on Dust No.1) on submicron particles was only 
34% in an office building. Furthermore, Fisk et al.[48]

 established that the indoor 
submicron particle concentration in a tightly sealed mechanically ventilated 
building was substantially reduced when replacing a normal filter with ASHRAE 
dust spot efficiency of 22% with a high efficiency filter with removal efficiency 
of 95% on particles of 0.3μm in diameter. Afterwards Fisk et al.[47] modelled the 
performance and costs of filters with different efficiencies. The model study 
showed that utilizing filters with ASHRAE Dust Spot Efficiency above 85% only 
modestly incrementally reduced the indoor fine particle concentration, while 
filters with an efficiency rating of 45% or lower could not efficiently filtrate these 
particles. Finally, they recommended filters with ASHRAE Dust Spot Efficiencies 
of 65∼85% to effectively control indoor concentration of fine particles. The 
recommend filters correspond roughly to fine-filters of class F6 and F7 in 
European standard EN779:2002. The modelling assumed that the infiltration rate 
was 0.25/h in most cases, which is normal air leakage level of well sealed 
buildings. Furthermore, Matson and Ekberg[95] measured and modelled that 
supply air filters of classes F7-F8 may result in about 70% reduction of the indoor 
concentration of UFPs supplied to the building from outdoors.  

The standard EN13779 recommends single-step or multi-step filtration depending 
on the different outdoor air (ODA) quality and the desired indoor air (IDA) 
quality, see Table 2.2. The indoor air quality in IDA 1-4 is from high to low. 
When outdoor air is dusty (ODA2) or seriously polluted by dust or gases (ODA3), 
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multi-step filtration and alternative filtration technologies (e.g. chemical filters 
and electrostatic filters) are recommended. For hygienic reasons, the filter in the 
first filtration step is suggested to be replaced after a maximum of one year, and 
filter in the second filtration step should be replaced after maximum of two years. 
Finally, EN13779 stresses that, to achieve moderate indoor air quality, F7 class 
filters is the minimum requirement when there is only one step of air filtration.  

Table 2.2 Recommended minimum filter classes per filter section [45] 

Outdoor Air Quality 
Indoor Air Quality 

IDA 1 
(High) 

IDA 2 
(Medium) 

IDA 3 
(Moderate) 

IDA 4 
(Low) 

ODA 1 (pure air ) F9 F8 F7 F5 

ODA2 (dust) F7+F9 F6+F8 F5+F7 F5+F6 

ODA3 (very high 
concentration of dust 
or gases) 

F7+GF+F9a F7+GF+F9a F5+F7 F5+F6 

a GF= Gas filter (carbon filter) and or chemical filter. 

 

Besides the outdoor air quality, the air tightness of both the building envelopes 
and air handling units also greatly influence the removal performance of filters on 
outdoor origin particles, especially when using filter classes F7 or higher. Ward 
and Siegel[153] modelled that a 1-mm gap reduced the performance of a MERV15 
filter to be that of a MERV 14 filter, while a 10-mm gap caused a MERV 15 filter 
to perform as a MERV 8 filter. Here, the MERV 8, 14 and 15 filters in ASHRAE 
standard 52.2 are roughly corresponding to class G4, F8 and F9 filters in 
European standard EN779.  

In summary, the literature showed that under proper operation and low air leakage 
through building envelopes and air handling units, air filters of class F7 and 
higher classes are capable to effectively filtrate fine particles. When outdoor air is 
dirty, pre-filter as well as some alternative filtration techniques are recommended, 
such as chemical filters and electrostatic filters.  

2.6 By-products of used filters 
By-products of used filters have attracted wide attention in the HVAC field in 
recent years because they could be a strong source of sensory pollution in the 
ventilation system [9, 27, 116]. Many studies have demonstrated that the by-products 
of used filters were mainly from microbiology grown on the surface of used 
filters[117] and the chemical reactions between ozone and used filters[9]. They may 
induce a substantial economic loss[8] though the sick building syndrome[28] and 
reducing occupant productivity. Clausen et al.[118] stated that cleaning and 
renovating of the ventilation system was associated with the sick building 
syndrome in the occupants of an office building. The authors pointed out that 
removing the pollution source from the ventilation system can substantially 
improve the air quality in a building. 
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On one hand, microbial contamination is a common contamination on ventilation 
filters. The microbial activity increases with increasing air relative humidity, 
especially when the relative humidity is above 70%. However, this does not mean 
that keeping the relative humidity in the supply air below 70% can prevent the 
growth of microorganisms. Some studies showed that the real influential factor on 
the growth of the organisms was the water content of a material rather than the 
water in the air [49, 104, 117]. When filters are exposed directly to water, the 
microorganisms on filters can grow up quickly and become airborne. In turn, the 
airborne microorganisms can induce health risks [53, 54], for example microfungi 
can increase the risk of severe allergic reaction. Additionally, during the growth of 
microorganisms, dirty filters would emit microbial volatile organic compounds 
(MVOCs) with an unpleasant odor. MVOC is a sensory pollution and can cause 
eye and upper respiratory tract irritation[82].  

On the other hand, some further studies concluded that it was unlikely that 
microorganisms were the main pollution being responsible for the deterioration of 
the air quality downstream of a used filter[27, 117]. Some researchers have 
demonstrated that the chemical reaction between ozone and the chemical 
composition on used filters should be the main reason. During such chemical 
reactions, used air filters remove a fraction of ozone from the air stream[69, 71] and 
at the same time, odors and volatile organic compounds were released from the 
ventilation filters[70]. Some studies have further shown that the products of this 
chemical reaction were sensory pollutants[10, 70, 71]. For example, Bekö et al.[10] 
established that an ozone-treated used filter sample gave an air quality of low 
acceptability compared to air-treated samples and nitrogen-treated samples in 
sensory panel tests.  

How could we control the by-products of used filters in ventilation systems? 
Pasanen et al.[116] demonstrated that a pre-filter can effectively protect the fine 
filter from odor-causing particles. The results showed that the emissions from 
coarse pre-filters were similar to those from the higher efficiency filters without 
pre-filters. Furthermore, the emissions of the main filters were significantly lower 
if they were used together with pre-filter. In the paper, the test results of 
atmospheric samples showed that the odor emissions per mass unit particles were 
the highest in the coarse fraction (>10.0 μm) among the particle diameter range of 
<2.1 μm, 2.1∼10.0 μm and >10.0 μm. Additionally, Clausen[27] pointed out that, to 
reduce the by-products generation, it was critical to remove the collected particles 
on the filter surface, or prevent ozone from coming in contact with the collected 
particles. The suggested engineer solutions were removing the particles from the 
filter surface in a short regular interval or using activated carbon filter to remove 
ozone. 

Using a pre-filter in front of a main filter and replacing the pre-filter with a short 
interval may be a solution to control the by-products from the used filters. 
Furthermore, combined active carbon on the pre-filter can further reduce the 
generation of the by-products. The standard EN13779 recommends that a pre-
filter should be used in front of the main filter when the outdoor air is dusty (ODA 
2) and with very high concentration of dust or gases (ODA 3). However, single-
step air filtration is used in many buildings at current, because it is often believed 
that a multi-step air filtration system unavoidably costs more than single-step air 
filtration do. Actually, this worry greatly has blocked the application of multi-step 
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filtration systems as suggested in EN13779 and should be checked by lifetime 
cost investigation.  

2.7 Single-step and two-step air filtration  
To achieve higher filtration efficiency, besides applying a “high” class air filter, 
another solution is to use a pre-filter together with an intermediate filter. The latter 
measure has attracted more and more attention in recent years.  

It has been suggested that, under suitable operation, the two-step air filtration is 
probably more economical in the long time operation. Based on this idea, a 
seminar was organized in ASHRAE 2012 winter conference, Chicago. However, 
it is not rare that only a single filter is used in HVAC supply-air streams at 
present. There is a concern that fixing a pre-filter could increase the total cost for 
the second filter application. But two-step filtration is not inevitably obviously 
more expensive than that of single-step filtration. Pre-filters can block a large 
amount of coarse particles, which can greatly reduce the dust loading on the main 
filter. Thus, the main filter lifetime can be extended. 

Compared to single-step high class filters, besides the same high filtration 
efficiency, two-step filtration has the advantage to limit the by-products emission 
from used filters. Pasanen et al. (1994) [116] investigated the odor emission during 
half-year filter operation with and without pre-filters. They found that the pre-
filter can effectively protected the fine filter from odor-causing particles. The odor 
emissions from the coarse pre-filters were close to the emissions from the higher 
efficiency filter but without pre-filters. Moreover, the odor emissions of the main 
filters were significantly lower if they were used together with pre-filters. In a 
study of Bekö et al. [9], they observed that the downstream air of a combination of 
a pre-filter and an F7 filter was more acceptable than the air passing through a 
stand-alone F7 filter. And the authors supposed the monthly replacing this pre-
filter was one of the reasons.  

In the application, the economical cost is influenced by the filter class, 
surrounding ambient particle concentration, electricity prices and especially the 
filter lifetime. To keep the filtration economical, the influence of the above factors 
on the annual total cost needs to be studied. Additionally, since it is common that 
the pressure drop increases due to dust loading are substantially different between 
laboratory tests and field filter tests, it is important to conduct the study based on 
the pressure drop of the field filter tests. 

2.8 Indoor particles of indoor/outdoor origin 
and indoor dynamic fate 

Particles of indoor and outdoor origins are associated with various human 
activities, which are different regarding particle emission times, source strengths 
and size distributions. For example, traffic exhaust contributes substantially to 
fine and submicron particles in ambient air, especially during the rush hours. 
However, indoor particle emission is greatly depending on the occupants’ 
activities. The result from Abt et al. (2000) [1] demonstrated that when air 
exchange rates were lower than 1 h-1, indoor particle sources (including cooking, 
cleaning and movement of people) contributed to 57-80% of the indoor coarse 
particles, and to 8-37% of the indoor 0.02-0.3μm particles. Up to now, numerous 
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previous studies also have shown that particles from different indoor/outdoor 
emission sources have different particle size distribution and chemical 
compositions, and they could result in different health effects [4, 7, 30, 40, 79, 98, 103, 133, 

150, 154, 165]. 

At present, some studies have investigated the contributions of indoor generated 
particles and outdoor particles penetrated to the indoor environments, while few 
of them discussed how to control indoor particles according their origins [1, 92, 128]. 
In addition, many researchers studied lots of advanced ventilation measures to 
control total indoor particles, however few of them investigated the efficiencies of 
these systems to remove indoor particles contributed by indoor sources and 
outdoor sources respectively [93, 107]. Therefore, it is valuable to combine the above 
two topics to fill the gap. 

Indoor particles from indoor emission and outdoor infiltration have different air 
dynamic transmission routes. For all indoor particles, the common dynamical 
mechanisms include indoor deposition, recirculated air filtration, indoor particle 
exfiltration and exhaustion. The distinctive transmission route for outdoor origin 
particles are outdoor/supply air filtration and outdoor particle infiltration. Here, 
outdoor particle infiltration includes the penetration of outdoor particles through 
the building envelope and outdoor supply air. Therefore, the optimal filter 
locations, classes and ventilation modes would be different to remove indoor 
generated particles and outdoor infiltration particles. Therefore, it is important to 
develop the knowledge on how to operate air filtration and ventilation to best 
control indoor generated particles and outdoor infiltration particles 
simultaneously.  

2.9 Discussion and summary 
The toxicity of particles depends on particle physical and chemical properties 
generated by specific particle sources. Up to now, many epidemiological and 
toxicological studies show that the UFPs generated by combustion are probably 
the most hazardous particles compared to particles in other fractions and 
generated by other particle sources. These combustion sources mainly include 
diesel fuel, coal and gasoline as well as environmental tobacco smoke. Therefore, 
special attention should be granted to the particles generated from outdoor traffic 
and indoor cooking and smoking.  

Air filtration is the commonest particle capturing technology at present. However, 
both the products in the market and filter standards lack description or 
requirement on the performance to filtrate UFPs. It is important to conduct a study 
to fill in this gap.  

Specific control of indoor and outdoor origin UFPs in indoor environments is 
motivated by that the particles from indoor and outdoor sources have different 
particle properties, different emission intervals and different association with 
occupants’ activities. Because indoor particles from indoor emission and from 
outdoor infiltration have different air dynamic transmission routes, it is reasonable 
to manage the air filtration at the most efficient filtration locations to filtrate the 
particles from the two source types.  
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Figure 2.14 Schematic of particulate matter (PM) transportation in buildings 

Figure 2.14 shows a schematic of particulate matter transportation in buildings. In 
the figure, we assume air filters are placed in locations 1-4. Filter #2 in the 
recirculated air works in principle as a room air cleaner, i.e. as Filter #3. In the 
figure, outdoor-generated and indoor-generated particles are filtrated by filters in 
different locations. Outdoor-generated particles are removed by filters in locations 
1-4, while indoor particles are only removed by filter in locations 2-4.  

According to the literature study, the following air filtration applications are 
valuable to be studied.  
 

1. Specific selection of filters, filter locations and ventilation modes to 
remove indoor particles of outdoor and of indoor origins. 

2. Economical cost of single and multi-step filters to filtrate particles in the 
filter lifetime and optimal choices of filter combinations under different 
operation environments.  

3. The application of ionizer assisted air filtration in a field ventilation 
system and recommendations regarding this application. 
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3 Single-fiber air filter theory  
Numerous theoretical and experimental studies have been conducted on the 
filtration of fibrous filters during the past 50 years [6, 65, 87]. Normally, the total 
filtration efficiency is considered to be built up by five aerosol collection 
mechanisms: interception, inertial impaction, diffusion, gravitational settling and 
electrostatic attraction. In general, increasing particle size could enhance the 
particle collection by the interception and inertial impaction mechanisms, while 
reducing particle size could enhance particle collection by Brownian diffusion. 
Additionally, the effects of the five collection mechanisms on the total filtration 
efficiency are closely related to the characteristics of filter medium and filter 
operation conditions. This chapter introduces the single-fiber filtration theory 
from Hinds,1998[65] and compares the measured total filtration efficiency with the 
theoretical calculated value for three filter medium types: glass fiber filter, 
charged synthetic filter and uncharged synthetic filter. 

3.1 Single-fiber efficiency theory 
The filtration efficiency in single fiber efficiency theory is determined by the 
characteristics of filter media and operation conditions, i.e. fiber diameter (df), 
packing density (α), filter medium thickness (t), face velocity (Uo) and particle 
diameter (dp). For fibrous filter, α is defined according to eq. 3.1 and typically 
between 0.01 and 0.3. 
 

 
𝛼𝛼 =

𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣
𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣

= 1 − 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 (eq. 3.1) 
 

Face velocity is the air velocity at the filter cross-section perpendicular to the 
airflow, which is represented by eq. 3.2. 

            
A
VU


=0  (eq. 3.2) 

Where V  is the volumetric flow rate through the filter and A is the cross-
sectional area of the filer exposed to the entering airstream. When testing a plane 
sheet of filter medium, the face velocity is the same as the velocity through the 
filter medium.  

To the above five mechanisms of interception, inertial impaction, diffusion, 
gravitational settling and electrostatic attraction, the former four mechanisms are 
mechanical collection mechanisms and the latter one is electrostatic collection 
mechanisms.  

3.1.1 Interception mechanism  
Interception occurs when a particle follows a gas streamline that happens to come 
within one particle radius of the surface of a fiber, see Figure 3.1. Interception is 
an important collection mechanism in the size range closed to MPPS and is the 
only mechanism that does not depend on flow velocity Uo. 
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Figure 3.1 Single fiber collection by interception[65]  

ER is the single-fiber efficiency for interception which is defined according to 
eq.3.3. 
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Where, R and Ku are dimensionless parameters. R describes the ratio of particle 
diameter to fiber diameter, and Ku represents the compensation for the effect of 
distortion of the flow field around a fiber because of its proximity to other fibers. 
They are defined according to eq. 3.4 and 3.5. 

           f

p

d
d

R =
  

(eq. 3.4) 

           44
3

2
ln 2ααα

−+−−=Ku
  

(eq. 3.5) 

3.1.2 Inertial impaction mechanism 
Inertial impaction mechanism occurs when the particle is unable to adjust quickly 
enough to the abruptly changing streamlines near the fiber and crosses those 
streamlines to hit the fiber because of its inertia (see Figure 3.2). 

 

Figure 3.2 Single fiber collection by inertial impaction[65].  

The single-fiber efficiency for impaction (EI) is defined according to eq. 3.6. 
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(eq. 3.6) 

Where, Stk is Stokes number which represents the ratio of the “persistence” of a 
particle to the size of the target. It is defined according to eq. 3.7. τ represents 
relaxation time; ρp is the density of particles; Cc indicates Cunningham correction 
factor; μ represents viscosity. Additionally, J is a symbol representing the results 
of eq. 3.8 when R is less than 0.4. When R>0.4, the equation become complex. 
For approximations the value J =2.0 may be used for R>0.4. 
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            8.2262.0 5.27)286.29( RRJ −−= α  for R<0.4 
(eq. 3.8) 

3.1.3 Diffusion mechanism 
The Brownian motion of small particles can greatly enhance the probability of 
their hitting a fiber while travelling past it on a nonintercepting streamline. The 
diffusion mechanism is illustrated in Figure 3.3 and defined according to eq. 3.9.  

Figure 3.3 Single fiber collection by diffusion mechanism[65].  

ED is the single-fiber efficiency for diffusion, which is defined according to 
eq.3.9. 

            
3/22 −= PeED   (eq. 3.9) 

Here, Pe is the dimensionless Peclet number. It is calculated as: 

            D
Ud

Pe of=
  

(eq. 3.10) 

Where, D is the particle diffusion coefficient. To determine the collection 
efficiency near MPPS, it is necessary to include an interaction term to account for 
enhanced collection to interception of the diffusing particles, see eq. 3.11.  
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3.1.4 Gravitational settling mechanism 
Gravitational settling is another mechanism for particle deposit on a fiber. The 
single-fiber efficiency for gravitational settling (EG) is defined according to eq. 
3.12. 

            )1( RGEG +≈   (eq. 3.12) 

Where, G is a dimensionless number controlling deposition due to gravitational 
settling. Here, VTS represents terminal settling velocity; g is acceleration by 
gravity; p is the subscript presenting particles.    
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3.1.5 Electrostatic mechanism  
Electrostatic deposition is important, but is difficult to quantify because it requires 
knowing the charge on the fiber and on upstream particles. Usually, electrostatic 
collection is neglected, unless the particles or fibers have been charged in some 
quantifiable way. The single-fiber efficiency for electrostatic deposition (Eq) is 
defined according to eq. 3.14. 
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(eq. 3.14) 

where εf is the relative permittivity (dielectric constant) of the fiber; q is the 
charge on the particle; ζ0 is the permittivity of a vacuum.  

3.1.6 Total filtration efficiency 
Finally, the single fiber efficiency (EΣ) is built up by the above five mechanisms. 
The definition of EΣ  is represented by eq. 3.15. And a simple calculation in eq. 
3.16 is often used. 

            )1)(1)(1)(1)(1(1 GDRDIR EEEEEE −−−−−−=∑      (eq. 3.15) 

            GDRDIR EEEEEE ++++≈∑                    (eq. 3.16) 
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In conclusion, the overall efficiency of a filter (EF) is calculated by e.q. 3.17, in 
which EF is a function of the single-fiber efficiency EΣ. Here, P is the overall 
filter penetration rate.  

       )4exp(11
fd

tEPEF
π
α Σ−

−=−=                         (eq.3.17) 

Figure 3.4 shows the filter size-resolved efficiency for two face velocities based 
on mechanical filtration mechanisms. It indicates that for non-charged filters, the 
MPPS increases with decreasing flow rate, and mainly lies within the range of 
100-300 nm. 

 

Figure 3.4 Filter efficiency versus particle size for face velocities of 0.01 and 0.1 
m/s; t=1 mm, α=0.05, and df=2 μm.[65]  

 

3.2 Filter medium measurement and simulation 
In this section, three common media of F7 class filters are analyzed for the 
calculation of filter size-resolved efficiency according to the above single-fiber 
efficiency theory. Figure 3.5 shows scanning electron microscope (SEM) images 
for the three F7 class filter media: glass fiber, uncharged synthetic fiber and 
charged synthetic fiber.  
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(a) 

 
(b) 

 
(c) 

Figure 3.5 Scanning electron microscope (SEM) images for F7 class filters of 
three media types (a) glass fiber; (b) uncharged synthetic fiber; (c) 
charged synthetic fiber.  
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The characteristics of the three filter media are shown in Table 3.1. The packing 
density is calculated according to eq. 3.1. Using the data in Table 3.1 as input data 
to eq. 3.1-3.15, the theoretical efficiencies of the three filter media are calculated. 
Figure 3.6 shows the calculated efficiencies and the corresponding measured 
efficiencies.  

Table 3.1 Characteristics of the three filter media shown in Figure 3.5. 

Filter medium Class 
Thickness 

(mm) 

Fiber 
diameter 

(μm) 

Calculated 
packing density 

Glass fiber F7 4.3 2.2 0.010 

Uncharged synthetic 
fiber: Polypropylene 

F7 0.4 2.0 0.054 

Charged synthetic fiber: 
Polypropylene 

F7 0.6 2.5 0.026 
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(c) 

Figure 3.6 Calculated (simulated) and measured efficiency of F7 class filters of 
the media: (a) glass fiber (GF), (b) uncharged synthetic fiber (US) and 
(c) charged synthetic fiber (CS). The simulation air velocity through 
the filter medium is 0.123 m/s. The measured indoor aerosol data 
comes from a filter sheet test with indoor aerosol at air velocity of 
0.123 m/s. The measured DEHS aerosol data comes from a full scale 
filter test using non-neutralized DEHS aerosol at an air velocity of 
0.12 m/s through the filter medium. 

In Figure 3.6 (a) and (b), for glass fiber filter and uncharged synthetic fiber, the 
measurement and simulation curves are overlapping each other. In Figure 3.6 (c), 
the calculated efficiency based the mechanical mechanisms is much lower than 
the efficiency measured with the indoor aerosol. However, the calculated 
efficiency is close to the efficiency measured in a full scale filter test with non-
neutralized Di-Ethyl-Hexyl-Sebacat (DEHS) aerosol. This aerosol can be assumed 
to have substantially less, or even no, electrostatic charges. This means that the 
difference between the measured and the calculated efficiency values shown in 
Figure 3.6(c) probably is the particle collection efficiency due to the electrostatic 
mechanism. It is also indicated that the electrostatic mechanism has high 
collection efficiency on the large particles. 

Compared to Figure 3.6 (a), Figure 3.7 further demonstrates the contribution to 
the total particle collection efficiency from the four mechanical filtration 
mechanisms of the studied F7 glass fiber filter. UFPs are almost completely 
collected by diffusion; particles with diameter between 0.1μm and 0.4 μm are 
mainly collected by diffusion and interception; particles with diameter larger than 
0.4 μm are mainly collected by interception and impaction; gravitational settling 
has big impact on coarse particles. In the figure, the total simulation efficiency is 
the sum of the collection efficiencies for the four mechanisms. 
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Figure 3.7 Calculated (simulated) and measured efficiency of a glass fiber filter 
of class F7. The particle collection efficiencies for the four mechanical 
collection mechanisms are also presented individually.  

Figure 3.8 shows the calculated efficiency of a glass fiber filter of class F7 at four 
air velocities. In the figure, MPPS is reduced with increasing air velocity. Hinds 
(1998)[65] demonstrated for non-charged fibers, that the MPPS would be reduced 
with increasing airflow rate.  

  

Figure 3.8 Calculated efficiency of a glass fiber filter of class F7 at four air 
velocities: 0.05 m/s, 0.10 m/s, 0.15 m/s and 0.20 m/s. 
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3.3 Conclusions 
The single-fiber filter theory can predict the size-resolved filtration efficiency 
well, and the importance of the collection efficiencies from individual 
mechanisms can be demonstrated. The electrostatic force has big influence on the 
shape of the efficiency curves of charged synthetic filters. Compared to uncharged 
filter media, it is difficult to quantify the filtration efficiency of charged filter 
media, because it is usually hard to know the charge on the fibers and on the 
upstream particles.  

Since the filtration efficiencies of charged synthetic filters can be expected to drop 
after a short running time[124, 125], the new European standard EN779:2012[42] 
supplements a minimum requirement on the discharged efficiency. The 
comparison study in Figure 3.7 (c) demonstrates that the measured efficiency in a 
test with non-neutralized DEHS aerosol in the upstream air can preliminary 
predict the discharged efficiency of charged synthetic filters.  
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4 Experimental methods and equipment 
The filtration efficiencies of intermediate air filters in class F5∼F9 according to 
EN779:2002[41] on submicron and UFPs were investigated in full-scale filter 
experiments and filter sheet experiments. 23 sheet filters of the media of glass 
fiber filters, charged and uncharged synthetic filters were tested in a small-scale 
filter test rig. Eight full scale filters of the media of glass fiber filters and charged 
synthetic filters were measured in a full-scale filter test rig. Two DEHS aerosols 
and a NaCl aerosol were applied in the full-scale filter experiments. A field indoor 
aerosol and thermally generated oil aerosol were used in the filter sheet 
experiments.  

4.1 Full Scale Filter experiment   

4.1.1 Experiment system 
The experiments were conducted in a full-scale filter test rig with the 
experimental setup shown in Figure 4.1.  

 

Figure 4.1 Schematic of the full-scale filter testing system in Chalmers 
laboratory.  

The test-rig is located in the laboratory of Building Services Engineering at 
Chalmers University of Technology, Göteborg, Sweden. The test rig was 
constructed in accordance with the European filter standard EN779:2002[41]. The 
duct of the test-rig has the size of 600 mm×600 mm to mount full scale filters. 
The air was recirculated in the experiments. A HEPA filter of class H14 was used 
upstream to provide clean air before the test aerosol injection. The air filters were 
tested under three air flow rates: 0.5 m3/s, 0.944 m3/s and 1.3 m3/s, which are 
corresponding to the air velocity through filter medium of 0.08m/s, 0.16m/s and 
0.22m/s respectively. The air flow rate 0.944m3/s is the nominal filter test air flow 
rate according to EN779:2002[41].  

4.1.2 Particle measurements 
The upstream and downstream particle concentrations and size distributions were 
measured by a Scanning Mobility Particle Sizer (SMPS) spectrometer (Model: 
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SMPS 3936, TSI, USA) including a Kr 85 neutralizer (TSI 3077A), a long 
Differential Mobility Analyzer (DMA) and a Condensation Particle Counter 
(CPC, TSI 3775). The SMPS was adjusted to measure particles in the size interval 
14 nm to 673 nm with 16 channels per decade. Furthermore, the function of the 
test-rig was verified by a set of measurements as indicated in Table 4.1.  

Table 4.1 Full-scale filter test-rig qualification. The reference values are adopted 
from EN779:2002[41]. 

Items Equipment/lab Measured 
value 

Reference 
value 

Air velocity 
uniformity 

Hot wire anemometer <8% <10% 

Aerosol uniformity in 
the test rig 

Condensation particle 
counter (P-Trak) 

<12% <10% 

SMPS calibration TSI annual testing 
certification 

_ _ 

SMPS zero test HEPA filter and SMPS 0 <10 pc/cc 

100% efficiency test HEPA filter in test-rig + 
SMPS 

_ >99% 

Zero % efficiency test No filter in test-rig + SMPS <3% <3% 

4.1.3 Full scale air filters 
Eight new intermediate full scale filters provided by three major Swedish filter 
manufactures were tested. The filter classes and filter media types are shown in 
Table 4.2. The filters were of class F5-F9 according to the European filter 
standard, EN 779:2002[41], which roughly corresponds to MERV9-MERV15 
according to the US-standard, ASHRAE 52.2[5]. Table 4.3 shows the properties of 
these full scale air filters. 

Table 4.2. Tested full-scale bag filters; filter classes, media types, dimensions and 
manufactures.  

GF: glass fiber filter; CS: charged synthetic filter. 
 

 
Filter 
code 

Filter class  
Filter 

media type 

 
Filter size,  
L∙H∙D (mm) 

Nr. 
of 
filter 
bags 

 
European 
standard 
EN 779 

US standard 
ANSI/ASHRAE 
52.2 

Manu. 
code 

#1 F5 MERV 9-10 CS 592×592×500 4 B 
#2 F6 MERV 11-12 CS 592×592×635 8 B 
#3 F6 MERV 11-12 GF 592×592×500 10 C 
#4 F7 MERV 13 CS 592×592×635 8 B 
#5 F7 MERV 13 GF 592×592×500 10 C 
#6 F8 MERV 14 CS 592×592×635 8 B 
#7 F8 MERV 14 GF 592×592×450 8 A 
#8 F9 MERV 15 CS 592×592×635 8 B 



   

41 

 

Table 4.3 The properties of the tested full-scale bag filter media. Pressure drop 
for the full scale filter was measured at 0.944m3/s. 

Filter 
code 

Fiber diameter 

(μm) 

Thickness 

(mm) 
Packing 
density 

Pressure drop 

(∆Pa) 

#1 5-10 1.3 0.013 64 

#2 5-10 1.8 0.035 75 

#3 5-10 4.1 0.01 118 

#4 1-5 3.8 0.026 98 

#5 1-5 4.4 0.01 125 

#6 1-5 2.6 0.011 152 

#7 1-5 4.3 0.011 204 

#8 1-5 1.5 0.015 180 

4.1.4 Test Aerosols 
Two DEHS aerosols and a NaCl aerosol (solution: 1% of NaCl) were generated 
by an atomizer (Model: ATM 230, Topas, Germany). In parallel experiments, the 
filters were challenged to the neutralized and unneutralized DEHS and NaCl 
aerosols. Experiments were made both with and without neutralization of the two 
aerosols. A Kr-85 neutralizer of model TSI 3012A was used for this purpose. 

  

Figure 4.2. Particle size-distributions of DEHS aerosol and NaCl aerosol. The 
error bar describes the variation of upstream samples in repeatable 
tests for a filter sample. 
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Figure 4.2 shows the particle size-distributions of the two aerosols. In the figure, 
the average value and the standard variation are obtained from 10 continuously 
measured upstream samples and the standard variation is less than 3%. The peak 
concentration of the NaCl aerosol is around 40nm, which is much smaller than 
that of the DEHS aerosol. 

4.1.5 Calculation of efficiency values  
Based on consecutively taken upstream and downstream aerosol samples, the 
filtration efficiency (EF) was calculated according to eq. 4.1. 

          𝐸𝐸𝐸𝐸 = 1 − 𝑛𝑛2/𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴(𝑛𝑛1,𝑛𝑛3)                       (eq. 4.1) 

The value n2 represents a downstream sample, while n1 and n3 belongs to 
upstream samples which are taken before and after sampling downstream. The 
sampling continued until the relative standard deviation of two sequential 
efficiencies (calculated for the total particle concentration) was less than 15%, and 
the average efficiency was considered as the qualified efficiency. The 
uncertainties were established as the standard deviation expressed as efficiency 
percentage units. 

4.2 Filter sheet test 

4.2.1 Laboratory and test-rig 
The experiments were conducted in an over pressurized laboratory room 
(5m∙7m∙3m) at SP The Swedish National Technical Research Institute, located in 
a suburb of Borås, Sweden. Figure 4.3 shows a sketch of the small-scale filter 
test-rig that was built up in the laboratory room solely for the purpose of the 
experiments presented in the next two chapters.  

 

Figure 4.3. Schematic of filter sheet testing system in SP laboratory. 

Laboratory room air was supplied to the test-rig by a fan placed at the far 
downstream side of the rig. The test-rig had a circular duct with the diameter 315 
mm, where the filter samples were mounted. All tests were carried out at an air 
velocity of 0.123 m/s through the filter medium. The function of the test-rig was 
verified by a set of measurements as indicated in Table 4.4. 
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Table 4.4. Filter sheet test-rig qualification. The reference values are adopted 
from EN779:2002[41].  

Items Equipment/method Measured 
value 

Reference 
value 

Air velocity 
uniformity Hot wire anemometer 5% <10% 

Aerosol uniformity in 
the test rig 

Condensation particle 
counter (P- Trak) 3% <15% 

SMPS calibration TSI annual testing 
certification - - 

SMPS zero test HEPA filter and SMPS 4 pc/cc <10 pc/cc 

100% efficiency test HEPA filter in test-rig + 
SMPS 97% >99% 

Zero % efficiency test No filter in test-rig + 
SMPS 0.25% <3% 

 

4.2.2 Air Filter Samples  
A total of 23 new fiber-filter samples from three major Swedish filter 
manufactures were tested. The filter classes and filter media types are shown in 
Table 4.5. The filter samples were of the three filter media types: glass fiber, 
uncharged synthetic fiber and charged synthetic fiber. All of the filter media are 
intended for use in bag filters – but the filter samples were in the form of plane 
sheets. During tests, the samples were mounted in the circular cross section of the 
test-rig (diameter 315 mm). Each of the filter samples presented in Table 4.5 were 
challenged by an indoor aerosol; a selection of them were also challenged by an 
oil aerosol. Properties of the filter media are summarized in Table 4.6. 
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Table 4.5. Tested fine filter samples and their media types 

Filter 
sample 

Filter class 
Filter media type European 

standard 
EN 779 

US standard 
ANSI/ASHRAE 52 

#1 F5 MERV 9-10 Glass fiber 

#2 F5 MERV 9-10 Charged Synthetic 

#3 F6 MERV 11-12 Glass fiber 

#4 F6 MERV 11-12 Uncharged synthetic 

#5 F6 MERV 11-12 Glass fiber 

#6 F6 MERV 11-12 Charged Synthetic 

#7 F6 MERV 11-12 Charged Synthetic 

#8 F6 MERV 11-12 Charged Synthetic 

#9 F7 MERV 13 Glass fiber 

#10 F7 MERV 13 Uncharged synthetic 

#11 F7 MERV 13 Uncharged synthetic 

#12 F7 MERV 13 Glass fiber 

#13 F7 MERV 13 Charged Synthetic 

#14 F7 MERV 13 Charged Synthetic 

#15 F7 MERV 13 Charged Synthetic 

#16 F8 MERV 14 Glass fiber 

#17 F8 MERV 14 Uncharged synthetic 

#18 F8 MERV 14 Glass fiber 

#19 F8 MERV 14 Uncharged synthetic 

#20 F8 MERV 14 Charged Synthetic 

#21 F8 MERV 14 Charged Synthetic 

#22 F9 MERV 15 Glass fiber 

#23 F9 MERV 15 Charged Synthetic 
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Table 4.6 The properties of a single fiber layer. Pressure drop was for at 12,3 
cm/s. 

Filter 
code 

Effective fiber 
diameter  

(μm) 

Thickness 
(mm) 

Calculated 
packing 
density 

Calculated 
pressure drop 

(∆Pa) 
#1 6.2 3.7 0.010 14 

#2 6.5 1.3 0.013 37 

#3 5 4.1 0.010 24 

#4 2.5 0.2 0.044 51 

#5 2.5 1.8 0.010 41 

#6 2.5 0.6 0.025 41 

#7 3.5 0.5 0.040 51 

#8 2.5 0.6 0.030 75 

#9 2.2 4.3 0.010 126 

#10 2 0.4 0.054 59 

#11 2 0.6 0.030 116 

#12 2.2 3.5 0.010 103 

#13 2 0.7 0.014 42 

#14 2.5 0.6 0.026 64 

#15 2 0.6 0.018 77 

#16 2 4.3 0.012 199 

#17 1.5 1.2 0.020 219 

#18 1.4 2.0 0.010 146 

#19 1.6 0.8 0.023 128 

#20 1.5 0.9 0.010 57 

#21 2.3 1.4 0.011 44 

#22 2 4.3 0.011 178 

#23 2 1.4 0.015 93 
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4.2.3 Particle measurements 
The upstream and downstream concentrations of airborne particles were 
monitored by the same Scanning Mobility Particle Sizer (SMPS) as described in a 
previous section. Both the upstream and the downstream aerosol samples were 
taken 300 mm from the tested filter. Also in this case the SMPS was adjusted to 
measure particles from 14 nm to 673 nm, with 16 channels per decade. 

4.2.4 Test Aerosols 
The tested filters were challenged by the aerosol prevailing in the laboratory. This 
was repeated for the two situations described below. The two aerosol size-
distributions obtained are shown in Figure 4.4.   

1) Indoor aerosol test. There were no dominating indoor particle sources in the 
laboratory, and thus, the indoor aerosol mainly originated outdoors, being 
supplied to the room through the supply air system. In this case the indoor aerosol 
had a concentration peak at about 100 nm. The indoor aerosol is assumed to be 
close to the Boltzmann equilibrium charge state, and it is assumed to have 
properties close to the aerosols typically challenging a filter during “normal” real-
life operation. 

2) Oil aerosol test, an oil aerosol was thermally generated and mixed with the 
room air by the use of a mixing fan. The oil aerosol was thermally generated from 
Shell Ondina oil 917, and had a peak concentration at 220 nm-sized particles. The 
oil aerosol was not neutralized and is assumed to be practically without any 
charges.  
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Figure 4.4.  Particle size-distributions of the two test aerosols. 

4.2.5 Calculation of efficiency values 
The calculation method in small scale filter test is the same as that used in the full 
scale filter test, see chapter 4.1.5 and eq. 4.1. 
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4.3 Conclusions 
In this chapter, the materials and methods of the full-scale filter experiments and 
filter sheet experiments were presented. Comparing the measured qualification 
parameters with the requirements in EN779:2002[41], the two testing systems are 
considered meeting the requirements in general. In the two experiments, multiple 
upstream aerosols, air velocities and equipments were applied in multiple filter 
media tests. The motivation is to investigate the influence of the upstream aerosol 
on the measured efficiencies of different filter media, thus further suggest the 
proper testing methods.  
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5 Air filter efficiency measurements 
This chapter presents the results of the experiments described in Chapter 4. The 
data comprise size-resolved efficiency values determined for eight full scale filters 
in the DEHS aerosol test and 23 filter sheets in the indoor aerosol test. 
Additionally, the influences of fiber material, air velocity, use of neutralizer and 
upstream aerosol on the efficiency curves are investigated, respectively.  

5.1 Fractional filtration efficiency 

5.1.1 Full scale filter test 
Figure 5.1 shows the size-resolved filtration efficiency observed for charged 
synthetic filters and glass fiber filter at the standard air flow rate of 0.944 m3/s. 
The corresponding air velocity through filter medium is 0.16 m/s.  

  

(a) 

  

(b) 

Figure 5.1 Fractional filtration efficiency at an air velocity of 0.16 m/s through 
the filter medium: (a) Charged synthetic filters (CS); (b) Glass fiber 
filters (GF). The data comes from the full scale filter tests when using 
the neutralized DEHS aerosol.  
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The measured results at air velocities of 0.08 m/s and 0.22 m/s through the filter 
medium are presented in Figure 5.2 and 5.3. The curves show that MPPS of 
charged synthetic filters is smaller than 100 nm, but MPPS of glass fiber filters is 
larger than 100 nm. 

 

(a) 

 

(b) 

Figure 5.2 Fractional filtration efficiency at an air velocity of 0.08 m/s through 
the filter medium: (a) Charged synthetic filters (CS); (b) Glass fiber 
filters (GF). The data comes from the full scale filter tests when using 
the neutralized DEHS aerosol.  
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(a) 

 

(b) 

Figure 5.3 Fractional filtration efficiency at an air velocity of 0.22 m/s through 
the filter medium: (a) Charged synthetic filters (CS); (b) Glass fiber 
filters (GF). The data comes from the full scale filter tests when using 
the neutralized DEHS aerosols.  

5.1.2 Sheet filter test 
Twenty three filter sheets were tested with the indoor aerosol. Figure 5.4 (a)-(d) 
shows the size-resolved efficiencies of F5-F9 class filters in these indoor aerosol 
tests at an air velocity of 0.123 m/s through the filter medium. The figure shows 
that the filtration efficiencies of charged synthetic filters are much higher than that 
of glass fiber and uncharged synthetic filters of the same filter class. As the results 
of the previously presented full scale filter test, the MPPS of glass fiber filter 
sheets are larger than 100 nm, while the MPPS of charged synthetic filter sheets 
are smaller than 100 nm.  
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(a) 

 

(b) 

 

(c) 
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(d) 

Figure 5.4 Fractional filtration efficiency for F5-F9 class filters observed in the 
indoor aerosol test at an air velocity of 0.123 m/s through the filter 
medium: (a) F6 class filters; (b) F7 class filters; (c) F8 class filters; (d) 
F5 and F9 class filter. In the legends, CS: charged synthetic filter; US: 
uncharged synthetic filters; GF: glass fiber filter. 

5.2 Influencing factors 

5.2.1 Filter medium influence 
According to Figure 5.1-5.4, the shape of the size-resolved efficiency curves of 
glass fiber filters are different compared to that of charged synthetic filters. MPPS 
of the charged synthetic filters is typically around 50nm, while that of glass fiber 
filters is larger than 100 nm.  

5.2.2 Air velocity influence 
Air velocity through the filter medium is another important impact factor on filter 
size-resolved efficiency curves. Figure 5.5 (a) and (b) show the size-resolved 
efficiency at three air velocities through charged synthetic filter and glass fiber 
filters respectively.  

In the figure, for both filter media, the filtration efficiency is reduced with 
increasing air velocity. However, when the air velocity increases, the MPPS for 
glass fiber filters become smaller, and the MPPS for charged synthetic filters 
become larger. The variations of MPPS with the air velocity are summarized in 
Figure 5.6. The figure shows the variation trends of MPPS are clearly different for 
glass fiber filter and charged synthetic filter. 

 

0%
10%
20%
30%
40%
50%
60%
70%
80%
90%

100%

10 100 1000

Fi
lt

ra
ti

on
 e

ff
ic

ie
nc

y 

Particle diameter (nm)

F9_CS

F9_GF

F5_CS

F5_GF



   

54 

 

 

(a) 

 

(b) 

Figure 5.5 Fractional filtration efficiency at air velocities of 0.08 m/s, 0.16 m/s 
and 0.22 m/s through the filter medium: (a) F9 class charged synthetic 
filter; (b) F8 class glass fiber filter. The data comes from the full scale 
filters challenged neutralized DEHS aerosols. 

 

Figure 5.6 MPPS of charged synthetic filters (CS) and glass fiber filters (GF) 
varied with the air velocity in the full scale filter tests. 

0%
10%
20%
30%
40%
50%
60%
70%
80%
90%

100%

10 100 1000

Fi
lt

ra
ti

on
 e

ff
ic

ie
nc

y

Particle diameter (nm)

0.08 m/s

0.16m/s

0.22m/s

0%
10%
20%
30%
40%
50%
60%
70%
80%
90%

100%

10 100 1000

Fi
lt

ra
ti

on
 e

ff
ic

ie
nc

y

Particle diameter (nm)

0.08 m/s

0.16m/s

0.22m/s

0

50

100

150

200

250

0 0,05 0,1 0,15 0,2 0,25

M
PP

S 
(n

m
)

Air velocity through filter medium (m/s)

F6 GF

F7 GF

F8 GF

F5 CS

F6 CS

F7 CS

F8 CS

F9 CS



   

55 

 

5.2.3 Neutralizer influence 
A neutralizer is required in a filter testing system according to the European 
standard EN779:2002[41]. However, the neutralizer among the testing instruments 
is sometimes thought unimportant, especially for filed filter measurements. 
Considering that ambient aerosols are normally naturally neutralized, the 
neutralizer might be neglected for saving instrument cost. Figure 5.7 shows the 
influence of a neutralizer on the size-resolved efficiency of glass fiber filters and 
charged synthetic filters. The results come from the full scale filter test with the 
DEHS aerosol.  

 

(a) 

 

(b)  

Figure 5.7 F7 class filter at an air velocity of 0.22 m/s with and without 
neutralizer in the full scale filter tests with DEHS aerosol. (a) 
Charged synthetic filter; (b) Glass fiber filter. 
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The figure shows that the neutralizer does not influence the efficiency of a glass 
fiber filter, but that it significantly influences the efficiency of a charged synthetic 
filter. The DEHS aerosol generated by an atomizer is almost not charged at all. 
When the air flow passes the neutralizer, this aerosol is charged with theoretically 
an equal number of negative and positive ions at the atmospheric aerosol level[65]. 
A neutralized upstream aerosol is required according to the European standard 
EN779. The results confirm that this is necessary especially for charged synthetic 
filter tests. 

5.2.4 Upstream aerosol influence 
In the European standard EN779:2002[41], a DEHS aerosol is recommended as the 
test aerosol, while in US standard ASHRAE 52.2[5], KCl aerosol is the 
corresponding testing aerosol. The two aerosols are different at the charge ability 
and particle size range. The DEHS aerosol is a kind of oil aerosol which is not 
easily being charged. The size distribution is hard to adjust and the peak 
concentration is usually around the particle diameter of 250 nm. Instead, KCl 
aerosol is a kind of salt liquid aerosol, which is easily being charged during the 
generation and transfer. The size distribution can be adjusted by varying the 
concentration of KCl in the liquid. NaCl aerosol has similar characteristics as that 
of KCl aerosol, and is commonly used in filter tests at present. In the full-scale 
filter test, both a NaCl (1% NaCl solution) and a DEHS aerosol are used as 
upstream aerosol to investigate any differences between these as regards the filter 
test result. The size distributions of the two testing aerosols are shown in Figure 
4.2. 

Figure 5.8 (a) and (b) show the size-resolved efficiencies of glass fiber filters and 
charged synthetic filters respectively when the filters are challenged with DEHS 
aerosols and NaCl aerosols in the full scale filter test. For the same filter, the 
measurement results with NaCl and DEHS aerosols are shown on the opposite 
sides of 100 nm. Figure 5.8 (a) indicates that, for glass fiber filters, the filtration 
efficiencies are not influenced by the neutralizer or charge level of the upstream 
aerosols, as expected from the previous section. Figure 5.8 (b) shows that the 
filtration efficiency of charged synthetic filters challenged with the NaCl aerosol 
is higher than that observed with the DEHS aerosol. This may be because the 
NaCl aerosol, also after it has passed the neutralizer, is still more charged than the 
neutralized DEHS aerosol. Although, according to the manual, the used 
neutralizer should have enough capacity to neutralize the aerosols generated in the 
experiments, it may not have enough capacity to completely neutralize the highly 
charged NaCl aerosol. 
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(a) 

 
(b) 

Figure 5.8 Fractional filtration efficiency challenged with DEHS and NaCl 
aerosols at an air velocity of 0.16 m/s through the filter medium: (a) 
glass fiber filter; (b) charged synthetic filters. The data comes from 
the full scale filter tests. 

Figure 5.9 (a) and (b) shows the size-resolved efficiencies of glass fiber filters and 
charged synthetic filters challenged with indoor aerosol and oil aerosol in the filter 
sheet test. The oil aerosol is a Shell Ondina oil aerosol without neutralizer. The 
indoor aerosol mainly comes from ambient air. It is considered to be a neutralized 
aerosol, having the same charge state as atmospheric aerosol. 
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(a) 

 
(b) 

Figure 5.9 Fractional filtration efficiency of F7 class filters challenged with 
indoor aerosol and oil aerosol in the filter sheet tests: (a) Glass fiber 
filter; (b) Charged synthetic filter.  

For the charged synthetic filters, the filtration efficiencies observed in the indoor 
aerosol tests are obviously higher than those observed in the oil aerosol tests. 
However, for glass fiber filters, the efficiencies measured with the two aerosols 
are almost the same. Since the oil aerosol without neutralization is almost 
completely uncharged, the efficiency of charged synthetic filters in the oil aerosol 
test can be considered as the efficiency when charged synthetic filters lose their 
charge.  

5.3 Conclusions 
For charged synthetic filters, the efficiencies measured with the neutralized DEHS 
aerosol and the indoor aerosol is higher than the efficiency measured with oil 
aerosol without neutralization. The main reason should be that the oil aerosol 
without neutralization is almost not electrically charged at all. Therefore, oil 
aerosol tests without neutralization may indicate the mechanical efficiency of 
charged synthetic fibers when they lose their charge. It is valuable to further study 
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this as an alternative to the neutralizing method of iso-propanol (IPA) as 
prescribed in EN779. 

In the study of influencing factors, the size-resolved efficiency is reduced with 
increasing air velocity. However, the MPPS are changed in a different way for the 
different filter media. When the air velocity is increased, the MPPS for glass fiber 
filters become smaller, while the MPPS for charged synthetic filters become 
larger. The neutralizer is an important component in the laboratory test for 
charged synthetic filters, while it can be neglected in glass fiber filter tests. When 
the charged synthetic filters are challenged with a NaCl aerosol, it is important to 
use a large capacity neutralizer, because NaCl aerosols are normally charged to a 
higher level than DEHS aerosols are.  
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6 Air filter efficiency relations 
One efficient way to include EFMPPS and EFUFPs in the filter classification would 
be to calculate EFMPPS and EFUFPs from a standardized efficiency, such as EF0.4μm 
in EN779:2002[41]. A critical background research is to investigate the correlations 
between EFUFPs, EFMPPS and EF0.4μm for different intermediate filter media and 
classes. However, there are few studies carried out to investigate such relationship 
and the influential factors.  

Filter operation conditions, such as air velocities, fiber media and upstream 
aerosols could influence the correlations between EFMPPS, EFUFPs and EF0.4μm. 
Firstly, since previous studies [65, 87] have presented that MPPS varies with air 
velocity, it is natural to expect that the correlations between such three efficiencies 
varies with air velocity. Secondly, glass fiber filters and charged synthetic filters 
have different MPPS, so the above correlations could be different for glass fiber 
filters and charged synthetic filters respectively. Finally, because the integrated 
efficiency for UFPs can be influenced by the upstream aerosol size distribution 
[38], it is reasonable to compare the correlations obtained in the tests with different 
upstream aerosol size distributions. In this study, the results from the field indoor 
aerosol test are compared to the results from laboratory DEHS aerosol test. The 
peak concentration of DEHS aerosols is for particles with the diameter about 
200nm, while the peak concentration of indoor aerosols is for particles with the 
diameter around 100 nm. The ambient traffic pollution probably contributed to a 
large amount of UFPs to the indoor aerosol tested.  

In summary, the purpose of the study is to explore the relationship between 
EFUFPs, EFMPPS and EF0.4μm for intermediate filters of class F5-F9, and the 
influence of the potential impact factors. This study is based on the test of full 
scale glass fiber filters and charged synthetic filters challenged with neutralized 
DEHS aerosol at three air velocities through the filter medium, 0.08 m/s, 0.16 m/s 
and 0.22 m/s. The test of filter sheets challenged with indoor aerosol is presented 
to analyse upstream aerosol influence.  

6.1 Correlations between three efficiencies 

6.1.1 EFMPPS, EFUFPs and EF0.4μm for DEHS aerosol test 
Filtration efficiencies on MPPS-sized particles, UFPs and 0.4 μm particles in the 
full scale DEHS aerosol filter test are summarized in Table 6.1-6.3 for three air 
velocities. The uncertainties are expressed as the standard deviation (efficiency 
percentage units). In Table 6.1-6.3, the filtration efficiency is reduced with air 
velocity.  
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Table 6.1 EFMPPS, EFUFPs and EF0.4μm at an air velocity of 0.08 m/s through the 
filter medium. (GF – glass fiber, CS – charged synthetic). The 
neutralized DEHS aerosol was used in the tests.  

Filter 
EFMPPS EF0.4μm EFUFPs 

Ave. SD Ave. SD Ave. SD 

F5 
GF 

 
      

CS C1 8% 0% 16% 0% 10% 1% 

F6 
GF C2 17% 3% 26% 1% 25% 2% 

CS C3 28% 3% 43% 5% 34% 2% 

F7 
GF C4 49% 2% 60% 1% 60% 2% 

CS C5 35% 1% 53% 3% 39% 1% 

F8 
GF C6 62% 1% 70% 1% 68% 1% 

CS C7 43% 7% 66% 4% 46% 5% 

F9 
GF 

 
      

CS C8 57% 5% 74% 3% 59% 4% 

 
Table 6.2 EFMPPS, EFUFPs and EF0.4μm at an air velocity of 0.16 m/s through the 

filter medium. (GF – glass fiber, CS – charged synthetic). The 
neutralized DEHS aerosol was used in the tests. 

 

Filter 
EFMPPS EF0.4μm EFUFPs 

Ave. SD Ave. SD Ave. SD 

F5 
GF       

CS 3% 0% 9% 3% 3% 2% 

F6 
GF 16% 2% 23% 1% 21% 1% 

CS 23% 3% 35% 4% 31% 1% 

F7 
GF 46% 2% 57% 2% 54% 3% 

CS 32% 2% 44% 2% 35% 3% 

F8 
GF 55% 1% 68% 2% 58% 1% 

CS 37% 2% 51% 3% 38% 1% 

F9 
GF       

CS 49% 1% 62% 2% 50% 2% 
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Table 6.3 EFMPPS, EFUFPs and EF0.4μm at an air velocity of 0.22 m/s through the 
filter medium. (GF – glass fiber, CS – charged synthetic). The 
neutralized DEHS aerosol was used in the tests. 

Filter EFMPPS EF0.4μm EFUFPs 
Ave. SD Ave SD Ave SD 

F5 GF 
 

      
CS C1 2% 2% 6% 0% 2% 2% 

F6 GF C2 12% 1% 22% 1% 18% 1% 

CS C3 21% 1% 32% 3% 30% 1% 

F7 GF C4 43% 3% 55% 2% 51% 3% 

CS C5 30% 2% 37% 4% 32% 2% 

F8 GF C6 53% 1% 67% 3% 56% 1% 

CS C7 35% 4% 43% 3% 35% 2% 

F9 GF 
 

      
CS C8 43% 5% 53% 1% 43% 2% 

 

6.1.2 Regression analysis 
Figure 6.1 and 6.2 respectively show the correlations between EFMPPS, EFUFPs and 
EF0.4μm at the three air velocities in the full scale filter test. In general, they show 
linear relationships within the observed efficiency ranges. Least squares 
regression analysis is used to estimate linear relationships between EFMPPS, EFUFPs 
and EF0.4μm. The squares of the Pearson correlation coefficients (R2) are above 
0.95 in all cases. T-tests of the correlation coefficients show p-values lower than 
0.025 for all cases in Figure 6.1 and 6.2. Therefore, the analysis indicates that 
both EFMPPS and EFUFPs are linearly related to EF0.4μm at p<0.025, within the 
measured efficiency interval. 

For the glass fiber filters, EFMPPS is lower than EF0.4μm by 10%∼15%-units, while 
EFUFPs is close to EF0.4μm and only slightly lower by 0%∼6%-units. For the 
charged synthetic fiber filters, EFMPPS and EFUFPs are lower than EF0.4μm by 
6%∼20%-units and 1%∼16%-units respectively.  

The cause of the filter medium influence is probably that the MPPS of glass fiber 
filters is larger than 100 nm, while the MPPS of charged synthetic filters is 
normally smaller than 100 nm (see Figure 5.1 and 5.4). Thus for glass fiber filters, 
because the diameter of UFPs and 0.4μm-sized particles are located at each side 
of the MPPS on the X-axis and with similar distances, EFUFPs and EF0.4μm on the 
size-resolved efficiency curves have similar value on the Y-axis. However, for 
charged synthetic filters, because their MPPS are in the diameter range of UFPs, 
EFMPPS is integrated into EFUFPs. This probably can explain why EFUFPs is 
substantially less than EF0.4μm for charged synthetic filters. 
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(a) 

 
(b) 

Figure 6.1 Filtration efficiency based on MPPS plotted against the efficiency 
based on 0.4 μm-sized particles for three velocities in the neutralized 
DEHS aerosol test: (a) glass fiber filters; (b) charged synthetic filters.  
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(a) 

 
(b) 

Figure 6.2 Filtration efficiency based on UFPs plotted against the efficiency 
based on 0.4 μm-sized particles for three velocities in the neutralized 
DEHS aerosol test: (a) glass fiber and uncharged synthetic filters; (b) 
charged synthetic filters.  
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6.2 Air velocity and filter media influence 
The observed EFMPPS, EFUFPs and EF0.4μm vary with air velocity. Figure 6.3 shows 
that EF0.4μm of all tested filters is reduced with increasing air velocities. The rates 
of this reduction for the charged synthetic filters are larger than that for the glass 
fiber filters. 

 
(a) 

  
(b) 

Figure 6.3 EF0.4μm varied with the air velocity through the filter medium: (a) 
charged synthetic filter (CS); (b) glass fiber filter (GF). The tests used 
the neutralized DEHS aerosol. 

Furthermore, Figure 6.4 and 6.5 show the ratio of EFMPPS to EF0.4μm 
(EFMPPS/EF0.4μm) and the ratio of EFUFPs to EF0.4μm (EFUFPs/EF0.4μm) respectively 
with increasing air velocities. The EFMPPS/EF0.4μm and the EFUFPs/EF0.4μm roughly 
correspond with the slope of the regression curves in Figure 6.1 and 6.2 
respectively. For glass fiber filters, the EFMPPS/EF0.4μm and the EFUFPs/EF0.4μm 
decrease with the air velocity for all filter classes. However, for charged synthetic 
filters, the EFMPPS/EF0.4μm and EFUFPs/EF0.4μm increase with increasing air velocity 
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except for the F5 class filter. This means that, for glass fiber filters, the EFMPPS 
and EFUFPs are reduced more than that of EF0.4μm with increasing air velocity. 
However, for charged synthetic filters except the F5 class filter, the EFMPPS and 
EFUFPs are reduced less than that of EF0.4μm with increasing air velocity. This is 
because the efficiency curves of the two filter media types are varying differently 
with varying air velocity, see Figure 5.5. It is also shown in Figure 5.6 that the 
MPPS increases with air velocity for the charged synthetic filters, while it reduces 
with air velocity for the glass fiber filters.  

 

  
(a) 

  
(b) 

Figure 6.4 Ratio of EFMPPS to EF0.4μm with increasing air velocity: (a) charged 
synthetic filter (CS); (b) glass fiber filter (GF). The tests used the 
neutralized DEHS aerosol. 
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(a) 

  
(b) 

Figure 6.5 Ratio of EFUFPs to EF0.4μm with increasing air velocity: (a) charged 
synthetic filter (CS); (b) glass fiber filter (GF). The tests used the 
neutralized DEHS aerosol. 
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Table 6.1 and 6.2, shows that for glass fiber filters, the three filtration efficiencies 
in the two tests are similar. However, for charged synthetic filters, the three 
filtration efficiencies observed in the indoor aerosol test are obviously higher than 
those observed in the DEHS aerosol test. One probable reason is that the indoor 
aerosol is more charged than the neutralized DEHS aerosol used in the full scale 
filter test. 

Table 6.4 EFMPPS, EFUFPs and EF0.4μm observed in the indoor aerosol test at an air 
velocity of 0.123 m/s through the filter medium: GF – glass fiber, US- 
uncharged synthetic, CS – charged synthetic. The indoor aerosol was 
used in the tests. 

Filter 
EFMPPS EF0.4μm EFUFPs 

Ave. SD Ave. SD Ave. SD 

F5 
GF #1 3% 0% 11% 0% 15% 6% 
CS #2 28% 1% 41% 3% 31% 4% 

F6 

GF and US 

#3 12% 1% 25% 2% 21% 2% 

#4 18% 1% 36% 1% 38% 2% 

#5 25% 2% 40% 0% 42% 2% 

CS 
#6 60% 5% 83% 2% 69% 2% 

#7 66% 3% 80% 5% 70% 0% 

#8 51% 3% 74% 6% 60% 2% 

F7 

GF and US 

#9 47% 5% 61% 1% 57% 2% 

#10 47% 4% 58% 2% 67% 1% 

#11 44% 0% 62% 8% 64% 1% 

#12 41% 5% 60% 4% 62% 1% 

CS 

#13 63% 0% 88% 0% 73% 3% 

#14 68% 3% 88% 5% 71% 2% 

#15 56% 4% 84% 2% 67% 0% 

F8 

GF and US 

#16 51% 5% 64% 1% 71% 6% 

#17 57% 1% 69% 4% 76% 3% 

#18 55% 5% 72% 6% 71% 2% 

#19 54% 3% 72% 0% 77% 4% 

CS 
#20 74% 6% 89% 0% 77% 2% 

#21 70% 4% 92% 4% 74% 0% 

F9 
GF #22 61% 1% 75% 5% 72% 1% 

CS #23 73% 4% 94% 4% 77% 3% 
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6.3.2 Regression curves comparison 
The indoor aerosol is different from the oil aerosol as regards particle size 
distribution, see Figure 6.7.  

Aerosol diameter dp (nm)

10 100 1000

In
do

or
 a

er
os

ol
: d

N/
dl

og
(d

p)

0

1000

2000

3000

4000

5000

6000

O
il 

ae
ro

so
l: 

dN
/d

lo
g(

d p)

0

20000

40000

60000

80000

100000

120000

Indoor aerosol
Oil aerosol

Figure 6.7 Size distributions of oil aerosol and indoor aerosol. 

In the figure, the peak concentration of the oil aerosol is found for particles with 
the diameter about 250 nm, while the peak concentration in the indoor aerosol is 
found for particles with the diameter less than 100 nm. It is probably because the 
indoor aerosol mainly came from outdoor pollution since there was no strong 
indoor aerosol source during the experiments.  

Figure 6.8 and 6.9 present the regression curves between EFMPPS, EFUFPs and 
EF0.4μm observed in both the oil aerosol test and the indoor aerosol test. The indoor 
aerosol resulted in a general shift towards higher efficiency values for the charged 
synthetic filters, although the filter classes were the same. For the indoor aerosol 
results, least squares regression analysis shows that the R2 values are above 0.89 
in all cases. T-tests of the correlation coefficients in Figure 6.8 and 6.9 show p-
values lower than 0.025 for all cases. Additionally, the Student’s t-test was 
applied to the filtration efficiencies of the same filters, tested with such two 
aerosols, and with the null hypothesis indicating no difference between the two 
measurement efficiencies. The analysis shows that the p-value for charged 
synthetic filters is less than 0.05 (p<0.05), while the p-value for glass fiber filters 
is larger than 0.18 (p>0.18). If the null hypothesis is judged at a significance level 
of 5%, the null hypothesis is rejected at a p-value lower than 0.05 for charged 
synthetic filters, while is accepted at p-value above 0.18 for glass fiber filters. In 
other words, the two aerosols gave efficiency values that are significantly 
different for charged synthetic filters at p<0.05, but not significantly different for 
glass fiber filters.  
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(a) 

 
(b) 

Figure 6.8 Filtration efficiency based on MPPS-sized particles plotted against the 
efficiency based on 0.4 μm-sized particles in the indoor aerosol test 
and the oil aerosol test. (a) Glass fiber and uncharged synthetic filters; 
(b) charged synthetic filters.  
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tests are close to each other and have similar slopes. Especially for charged 
synthetic filters, the curves are almost overlapping each other. The data show that 
experiments with an indoor aerosol and an oil aerosol can lead to similar 
regression curves between EFMPPS and EF0.4μm.  
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(a) 

 
(b) 

Figure 6.9 Filtration efficiency based on UFPs plotted against the efficiency 
based on 0.4 μm-sized particles in the indoor aerosol test and the oil 
aerosol test. (a) Glass fiber and uncharged synthetic filters; (b) 
charged synthetic filters. 

Figure 6.9 shows the correlation between EFUFPs and EF0.4μm. For the glass fiber 
filters in Figure 6.9(a), the regression curve obtained from the indoor aerosol test 
is above the regression curve from the oil aerosol test. However, for charged 
synthetic filter in Figure 6.9(b), the regression curves almost overlap each other. 
This is because the upstream particle size distribution can influence the integrated 
efficiency on UFPs. Here, regression curves of glass fiber filters are influenced by 
the size distribution of the two aerosols.  

Indoor aerosol
y = 1,0255x - 0,0012

R² = 0,9663

Oil aerosol
y = 1,1092x - 0,1229

R² = 0,9621

0%

20%

40%

60%

80%

100%

0% 20% 40% 60% 80% 100%

EF
U

FP
s

EF0.4μm

Indoor aerosol

Oil aerosol

Indoor aerosol
y = 0,8738x - 0,0414

R² = 0,973

Oil aerosol
y = 0,7717x + 0,0197

R² = 0,995

0%

20%

40%

60%

80%

100%

0% 20% 40% 60% 80% 100%

EF
U

FP

EF0.4μm

Indoor aerosol

Oil aerosol



   

73 

 

6.4 Discussion 
According to the regression analysis presented, the relation between EFMPPS and 
EF0.4µm appear to be linear within the observed efficiency range (EF0.4µm between 
about 10% and 75%). However, single fiber theory reveals that the relationship is 
non-linear, as indicated in Figure 6.10. The calculation results shown in the figure 
were obtained by using the theory presented by Hinds (1999). The filter 
parameters for sheet filter #9 were used as input data. Varying efficiency values 
were then simulated by varying the packing density over a wide range. Another 
set of simulations made by varying the filter depth gave practically identical 
curves. 

 

Figure 6.10 Comparison of the measured efficiency and the simulated efficiency 
for a glass fiber filter. The simulation efficiency in the range of 0%-
100% is produced through the theory simulation on #9 filter media 
with varied parking density. Low air velocity: 0.08 m/s; High 
velocity: 0.22 m/s. 

Experimental data for glass fiber filters tested at the low and the high air velocity 
have been added to Figure 6.10. There is fair agreement between the simulation 
results and the experimental results. However, single fiber theory indicates a 
somewhat stronger influence from velocity variations. Additionally, as long as the 
EF0.4µm-value is below 65-70%, the increase of the slope is almost negligible.  
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The above relationship study between EFMPPS, EFUFPs and EF0.4µm, shows the 
results for intermediate air filters under normal operation air velocity. It also 
shows the influence of filter media type and testing aerosol. Based on the 
regression curves, it is possible to briefly estimate EFMPPS and EFUFPs based on the 
EF0.4µm announced from filters manufactures or obtained from measurements 
made according to current filter standards. Additionally, it is possible that the 
estimation could be made somewhat more precise if a substantially higher number 
of filters were tested and included in the analysis. However, most likely, still the 
data should be regarded as rough estimations, reflecting the behaviour of 
intermediate filters on average. To include MPPS, EFMPPS and EFUFPs in future 
filter performance criteria, for the sake of precision, there is a need to include the 
determination of them for each and every filter being tested/classified. There is 
reason to consider inclusion of this in future revisions of both EN 779 and 
ASHRAE 52.2. It needs to be noticed that the EFUFPs is influenced by field aerosol 
diameter of peak concentration. 

6.5 Conclusions 
The study investigated the correlations between EFUFPs, EFMPPS and EF0.4μm and 
the influential factors of air velocities, filter media and upstream aerosols. The full 
scale filter measurements indicate linear relationships between EFUFPs, EFMPPS and 
EF0.4μm in the range of EF0.4μm less than 70%. The indoor aerosol test and oil 
aerosol test obtain similar regression curves between EFUFPs, EFMPPS and EF0.4μm. 
EFMPPS and EFUFPs are closer to EF0.4μm for glass fiber filters than for charged 
synthetic filters.  

The air velocity limitedly influences the efficiency regression curves. 
Additionally, when air velocity increases, the EFMPPS and EFUFPs are reduced more 
than EF0.4μm for glass fiber filters, while reduced less than EF0.4μm for charged 
synthetic filters. This is because the variation of MPPS with air velocity is 
different for glass fiber filters and charged synthetic filters. Although, the charge 
of the aerosol could influence the filtration efficiency of charged synthetic filters, 
the aerosol type almost has no influence on the regression curve between EFMPPS 
and EF0.4μm for the two filter media. However, the size-distribution of the aerosol 
could influence on the regression curve between EFUFPs and EF0.4μm.  

The investigation also shows the possible way to compose EFUFPs and EFMPPS into 
a future filter standard. The regression equation provides a simple way to make a 
brief estimation, while for an accurate estimation, individual determination is 
necessary for each and every filter being tested/ classified.  
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7 Modelling of particle transport in 
buildings 

Knowledge of indoor dynamics of outdoor infiltrated particles and indoor emitted 
particles is important to be able to control indoor particle personal exposure and to 
choose a suitable ventilation mode. The purposes of the analysis are to evaluate 
the effect of air filtration and ventilation mode on indoor particles of indoor and 
outdoor origins and to understand the influence of air filtration locations on the 
effects of the indoor removal mechanisms. The study is based on a balance model 
of indoor particles. The dynamical mechanisms include outdoor and recirculated 
air filtration, indoor deposition, outdoor particle infiltration and indoor particle 
exfiltration and exhaustion. The evaluation is conducted using the parameters of 
indoor particles proportion of outdoor origin (Ci,o/Co) and the time constant for 
removal of indoor emitted particles (Ci,s/(Si/V)).  

7.1 Introduction 
According to previous literature studies [4, 7, 30, 40, 79, 98, 103, 133, 150, 154, 165], the 
toxicity of the particles probably greatly depends on particle chemical 
composition and size-resolved number concentration, which are further decided 
by particle sources and formation processes. Furthermore, particle properties 
studies reviewed in Chapter 2.1 and 2.3 show that particle chemical composition 
is closely related with particle size and particle formation process. Therefore, 
there is a high possibility that when particles are controlled specifically with 
respect to indoor and outdoor origins on specific size ranges, the health risks of 
the breathable particles in indoor air could be substantially under control. 

In many studies, the small particles from combustion were considered to be more 
closely associated with adverse health effects. However, when tobacco smoking 
exists indoors, outdoor particle infiltration becomes to be negligible. To control 
indoor particles of indoor and outdoor origins and reduce indoor personal 
exposure to “real” harmful particles at the right time, choosing a suitable air 
filtration and ventilation mode is important. A critical study is to analyse the 
performance of air filtration and ventilation to remove indoor particles of indoor 
and outdoor origins respectively. For this, the knowledge of indoor particle fate is 
the basis. 

Indoor particles are removed by the mechanisms of outdoor and recirculation air 
filtration, indoor particle exfiltration and exhaustion and particle deposition. 
Additionally, indoor particles are contributed to by outdoor particle infiltration 
and indoor source generation. The outdoor particle infiltration includes the 
penetration of outdoor particles through the building envelope and by outdoor 
supply air. All the above mechanisms are depending on particle size. They could 
modify the indoor particle percentage of outdoor origins and the time constant of 
indoor emitted particles.  

Many current studies have investigated the suitable (or optimal) ventilation rate 
for the sake of energy saving and for “securing” indoor air quality. The outdoor 
air flow rate directly influences outdoor particle infiltration and indirectly 
influences indoor particle exhaustion. Additionally, recirculation air through an 
air filter could remove indoor particles. Here, outdoor air flow and recirculating 
air flow compose the supply air flow. As an important basic knowledge, it is 
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necessary to understand how the supply air flow rate and outdoor air flow rate 
affect the concentration of indoor particles from indoor generation and outdoor 
particle infiltration respectively. 

Additionally, the removal of indoor particles of indoor and outdoor origins is also 
decided by the application of air cleaners for airborne particles. The air cleaners 
would be air filters installed in a ventilation system to capture particles from 
outdoor air flow, or recirculation air flow or both of them. It also could be a room 
air cleaner to capture indoor particles. Their application could play a critical role 
in the reduction of the personal exposure to indoor particles of indoor and outdoor 
origins. 

At present, many studies investigated the relative contributions of indoor 
generated particles and outdoor particle infiltration to indoor environments, while 
few of them discussed how to control indoor particles according their origins [1, 92, 

128]. In addition, many researchers have studied advanced ventilation measures to 
control total indoor particles, however few of them have investigated the 
efficiencies of these systems to remove indoor particles of indoor and outdoor 
origins respectively [93, 107]. The motivation of the study is to fill in the gap 
between the above two topics.  

7.2 Methodology 

7.2.1 Mathematics model 
A mathematical model is developed based on an indoor particle mass balance, as 
illustrated in Figure 7.1. A filter is installed in one of four possible locations A-D 
in the ventilation system to filtrate outdoor air, supply air, recirculation air and 
indoor air respectively. The Ci and Co are indoor and outdoor particle 
concentration; kv, kd, kinf, kexf and kc are outdoor air exchange rate, deposition rate, 
infiltration rate, exfiltration rate and recirculation rate respectively, with the unit 
of h-1, pinf is the particle penetration rate of the infiltration (%), EF is the filter 
filtration efficiency (%). In the model, the sum of kexf and kv is considered to be the 
total exhaust air exchange rate from the building, which is equal to the total 
infiltration air exchange rate, i.e. the sum of kinf and kv.  

The model study focuses on the indoor fate of ultrafine and submicron particles, 
since normally the number concentrations of ambient particles and combustion 
particles are mainly distributed in this size range. Additionally, previous studies 
have shown that particle loss in ventilation ducts are negligible for submicron and 
ultrafine particles, but become important for particles larger than 5 µm in diameter   
[140, 164]. So, the model does not include any particle loss due to the deposition in 
ventilation duct system. However, this is a simplification since the calculations 
include particles up to 10 µm. Furthermore, the model does not include the 
influence from resuspension of particles. 
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Figure 7.1 Schematic of indoor particle transportation and four air filtration 
locations A-D. 

The indoor particle balance equation is presented in eq. 7.1[128]. oC  and iC  
could be particle number, mass or surface area concentration. In this study they 
represent the particle number concentration (particles/cm3). 

𝑑𝑑𝐶𝐶𝑖𝑖
𝑑𝑑𝑑𝑑

= (
𝑆𝑆𝑖𝑖
𝑉𝑉

+ (1 − 𝐸𝐸𝐸𝐸𝑂𝑂𝑂𝑂) ∗ 𝑘𝑘𝑣𝑣 ∗ 𝐶𝐶𝑜𝑜 + 𝑘𝑘𝑖𝑖𝑖𝑖𝑖𝑖 ∗ 𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖 ∗ 𝐶𝐶𝑜𝑜)

− �𝑘𝑘𝑑𝑑 + 𝑘𝑘𝑣𝑣 + 𝑘𝑘𝑒𝑒𝑒𝑒𝑒𝑒 + 𝑘𝑘𝑐𝑐 ∗ 𝐸𝐸𝐸𝐸𝐼𝐼𝐼𝐼� ∗ 𝐶𝐶𝑖𝑖  
                                                           (eq. 7.1) 

Where: 

V is the volume of the room (cm3); Si is the indoor source strength (particles/h), 
EF is the filter filtration efficiency. To investigate the filtration efficiency on 
particles in outdoor air and return or indoor air, EF is written as EFOA and EFIA. 

This equation can also be presented as eq. 7.2 and 7.3 
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Where: 

The symbol 𝛽𝛽 represents the increased particles from indoor particle generation 
and the total outdoor particle infiltration. Here 𝛽𝛽 = 𝑆𝑆𝑖𝑖

𝑉𝑉
+ (1 − 𝐸𝐸𝐸𝐸𝑂𝑂𝑂𝑂) ∗ 𝑘𝑘𝑣𝑣 ∗ 𝐶𝐶𝑜𝑜 +

𝑘𝑘𝑖𝑖𝑖𝑖𝑖𝑖 ∗ 𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖 ∗ 𝐶𝐶𝑜𝑜 . K represents the total sink rate. Here K=kv+kd+kexf+kc*EFIA. T is 
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the time constant of indoor particles (h). Here T=1/K=1/( kv+kd+kexf+kc*EFIA). 
𝐶𝐶𝑖𝑖 ,𝑡𝑡=0 is the initial indoor particle concentration.  

Thus, the first part on the right side represents the initial indoor particles under 
decay; and the second part represents the indoor generated particles and outdoor 
infiltrated particles (𝛽𝛽) under decay. Under stable conditions, 𝑑𝑑𝐶𝐶𝑖𝑖

𝑑𝑑𝑑𝑑
 is equivalent to 

0, thus eq. 7.1 becomes eq. 7.4. 

𝐶𝐶𝑖𝑖 =
𝑆𝑆𝑖𝑖
𝑉𝑉

𝑘𝑘𝑑𝑑+𝑘𝑘𝑣𝑣+𝑘𝑘𝑒𝑒𝑒𝑒𝑒𝑒 +𝑘𝑘𝑐𝑐∗𝐸𝐸𝐸𝐸𝐼𝐼𝐼𝐼
+

�(1−𝐸𝐸𝐸𝐸𝑂𝑂𝑂𝑂 )∗𝑘𝑘𝑣𝑣+𝑘𝑘𝑖𝑖𝑖𝑖𝑖𝑖 ∗𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖 �∗𝐶𝐶𝑜𝑜
𝑘𝑘𝑑𝑑+𝑘𝑘𝑣𝑣+𝑘𝑘𝑒𝑒𝑒𝑒𝑒𝑒 +𝑘𝑘𝑐𝑐∗𝐸𝐸𝐸𝐸𝐼𝐼𝐼𝐼

                 (eq. 7.4) 

On the right hand of eq. 7.4, the first part represents the indoor particles 
contributed to by indoor generated particles, and the second part represents indoor 
particles contributed to by the outdoor particles infiltration. If we separate indoor 
particles into outdoor infiltrated particles ( oiC , ) and indoor generated particles 
( siC , ), then the concentration of oiC , and siC , can be calculated according to eq. 
7.5 and 7.6, respectively. 

𝐶𝐶𝑖𝑖 ,𝑜𝑜 =
�(1−𝐸𝐸𝐸𝐸𝑂𝑂𝑂𝑂 )∗𝑘𝑘𝑣𝑣+𝑘𝑘𝑖𝑖𝑖𝑖𝑖𝑖 ∗𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖 �∗𝐶𝐶𝑜𝑜

𝑘𝑘𝑑𝑑+𝑘𝑘𝑣𝑣+𝑘𝑘𝑒𝑒𝑒𝑒𝑒𝑒 +𝑘𝑘𝑐𝑐∗𝐸𝐸𝐸𝐸𝐼𝐼𝐼𝐼
                                  (eq. 7.5)

 

𝐶𝐶𝑖𝑖 ,𝑠𝑠 =
𝑆𝑆𝑖𝑖
𝑉𝑉

𝑘𝑘𝑑𝑑+𝑘𝑘𝑣𝑣+𝑘𝑘𝑒𝑒𝑒𝑒𝑒𝑒 +𝑘𝑘𝑐𝑐∗𝐸𝐸𝐸𝐸𝐼𝐼𝐼𝐼
                                      (eq. 7.6) 

Furthermore, the indoor particles proportion of outdoor origin (Ci,o/Co), indoor 
particle proportion of indoor origin (Ci,s/(Si/𝑄̇𝑄)), and the time constant of indoor 
particles T = Ci,s/(Si/V) are presented in eq. 7.7-7.9 respectively.  
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Where: 

ACR is the outdoor air exchange rate (h-1) and 𝑄̇𝑄 is the outdoor air flow rate 
(m3/h). When ACR is 1 h-1, Ci,s/(Si/𝑄̇𝑄) has the same value as Ci,s/(Si/V). In addition, 
the definition of Ci,s/(Si/V) in eq. 7.9 is the same as the definition of the time 
constant “T” in eq. 7.3. In practice, this confirms that Ci,s/(Si/V) is the time 
constant of indoor particles. When Ci,s/(Si/V) is small, it means that indoor 
generated particles, Ci,s, are rapidly removed and stay indoors for a short time. 

In eq. 7.7-7.9 about Ci,o/Co, Ci,s/(Si/Q) and Ci,s/(Si/V) there is no influence of the 
ambient particle concentration, the indoor source strength or their size 
distributions. . 
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Table 7.1 The specific setting of the studied cases. 

Cases Filter location  kv (h-1) kc (h-1) EFOA and EFIA 

Base case None 1 1 EFOA= EFIA =0 

Case A A 1 1 EFOA=EF; EFIA =0 

Case B B 1 1 EFOA= EFIA=EF 

Case C C 1 1 EFOA=0; EFIA=EF 

Case D D 1 1 EFOA=0; EFIA=EF 

One base case and cases A-D with different air filter locations and air exchange 
rates are studied, see Table 7.1. The filter in the locations C and D equally works 
to remove particles from indoor air. Thus, both Case C and D are represented by 
Case C.  

7.2.2 Parameters 
The filter size-resolved filtration efficiencies are illustrated in Figure 7.2, which 
includes data from the laboratory measurements, theory simulations, and the study 
of Hanley [58]. The measurement data shown in Figure 7.2 were obtained by the 
methodology described in Chapter 4. The testing air flow rate was 0.944m3/s for 
the measured efficiencies of F5-F9 class filters. The filters are corresponding to 
MERV 9-13 in ASHRAE 52.2. Based on the fibrous filtration theory described by 
Hinds [65], a set of simulations were conducted in the full diameter range used in 
the study. Considering the good agreement between the data from the three 
studies, the simulation efficiencies are utilized in the model. 

 

Figure 7.2 The size-resolved efficiency for F5∼F9 class filters. 

For other parameters, the building envelope penetration rate (𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖 ) and indoor 
particle deposition rate (𝑘𝑘𝑑𝑑 ) are referring to the studies of Liu and Nazaroff, 2001 
[90] and Riley et al. 2002[128] respectively. See Figure 7.3 and 7.4. The air 
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infiltration rate, kinf, and exfiltration rate, kexf, are assumed to be 0.2 h-1 for normal 
office buildings  

 

Figure 7.3 Penetration rate (pinf) vs aerosol diameter. The diagram is adopted 
from Liu and Nazaroff, 2001[90]. This overall penetration rate is for a 
building with crack area distributed uniformly with respect to crack 
height of 0.05-2.0 mm and crack length of 3 cm under a pressure 
difference of 4 Pa. 

 

Figure 7.4 Deposition rate (kd) vs aerosol diameter. The diagram is adopted from 
Riley et al., 2002[128]. 

7.2.3 Theory of the mechanisms effect 
Installing filters in different locations would influence the mechanisms effects to 
reduce Ci,o/Co and Ci,s/(Si/V). The influences of these mechanisms are described 
by eq. 7.10 and 7.11. In eq. 7.10, the variation of Ci,o/Co is induced by the 
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variation of the total outdoor particle infiltration and the particle sink mechanisms 
of kv, kd, kexf , kc, EFIA and EFOA. As the particle sink mechanisms, kv and EFOA 
work as exhaust air removal and outdoor air filtration respectively. Unlike them, 
kc and EFIA work together as recirculating air filtration. In the calculations 
presented in section 7.3, the partial differential item of EFIA represents the 
mechanism effect of recirculating air filtration, and kc is considered as a constant 
parameter. Both kexf and kv can be considered as exhausted air mechanisms, so the 
sum of their effects is the effect of the total exhaust air.  

𝑑𝑑
𝐶𝐶𝑖𝑖,𝑜𝑜
𝐶𝐶𝑜𝑜
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𝑑𝑑𝑘𝑘𝑣𝑣 +
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The corresponding analysis for Ci,s/(Si/V) is described by the differential equation 
below.  
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Eq. 7.11 shows how the variation of Ci,s/(Si/V) is contributed to by the variation of 
the mechanisms of kv, kd, kexf, kc and EFIA. The increase of kv, kd, kexf, kc and EFIA 
could result in the decrease of Ci,s/(Si/V). Thus, the partial differential items of 
these mechanisms represents the mechanisms reduction effects on Ci,s/(Si/V). In 
the calculations presented in section 7.3, kc is considered as a constant parameter. 
And the integration on the partial differential item of EFIA represents the 
mechanism effect of recirculating air filtration 

7.2.4 Study objects 
According to the definition of Ci,o/Co and Ci,s/(Si/V) in eq. 7.7-7.9, the effects of 
particle indoor removal mechanisms on Ci,o/Co and Ci,s/(Si/V) are identified 
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through the partial differential equations. Then, the outcomes are used to 
investigate the following objects: 

• Mechanisms effects on Ci,o/Co and Ci,s/(Si/V) in Case A-C; 

• Comparing the influence of air filtration location on Ci,o/Co and Ci,s/(Si/V); 

• Influence of the air filter class on Ci,o/Co and Ci,s/(Si/V); 

• Influence of outdoor air flow percentage on Ci,o/Co and Ci,s/(Si/V); 

• Influence of supply air flow exchange rate on Ci,o/Co and Ci,s/(Si/V). 

Based on the above analysis method, the expected outcomes are indications about 
the adequate filter locations and ventilation modes to remove Ci,o and Ci,s.  

7.3 Mechanisms effects 
Figure 7.5 and 7.6 show how the individual mechanisms remove Ci,o and Ci,s  in 
Case A-C. The percentages of the mechanisms on the removal of Ci,o are shown in 
Figure 7.5. The effects of on the removal of Ci,o are calculated from the partial 
differential items of kv, kd, kexf, EFIA and EFOA in eq. 7.10. 
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(b) 

 

(3) 

Figure 7.5 Predicted fractional fates of Ci,o for (a) Case A; (b) Case B; (c) Case C. 
The filter class is set to F7. 

The figure shows that, for indoor particles, in Case A and B, with the diameter 
less than 0.01μm and larger than 2μm, more than 80% of Ci,o are filtrated by an F7 
class filter and only about less than 10% of Ci,o deposit on the indoor surfaces. 
Both outdoor air filtration and indoor deposition have significant effects on the 
removal of small particles (e.g. <0.01 μm) and large particles (e.g. >1 μm). 
However, total exhaust accounts for a substantial part of the removal of particles 
with a diameter close to 0.1 μm. Without outdoor air filtration, the percentage of 
Ci,o depositing indoors is substantial in Case C. Especially, these percentage is 
higher than 20% for the particles with diameters less than 0.01μm or larger than 2 
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μm. In the size ranges of <0.004μm and >4μm in Case C, the recirculating air 
filtration or a room air cleaner capture less Ci,o than indoor deposition does. This 
phenomenon could be explained by the decay rate of kd being larger than EFIA·kc 
in the size ranges of <0.004μm and >4μm. 

Similarly, the percentage of the mechanisms on the removal of Ci,s are calculated 
from the partial differential items kv, kd, kexf and kc in e.q. 7.11. The figure shows 
that filter locations in Case A-C slightly affect the percentage of indoor 
depositions. It is self evident that outdoor air filtration has no effect at all on Ci,s in 
Case A-C. Similar to the effect on Ci,o, recirculating air filtration is most efficient 
to remove Ci,s within the diameter range 0.01 μm to1 μm. 
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(c) 

Figure 7.6 Predicted fractional fates of Ci,s for (a) Case A; (b) Case B; (c) Case C. 
The filter class is set to F7. 

7.4 Air filtration influence 
To further investigate the effect of air filtration location, Figure 7.7 presents the 
reduction of Ci,o/Co of Case A-C compared to the Base case. Both kv and kc of the 
above four cases are set to 1 h-1. Additionally, Case A at kv of 2 h-1 and kc of 0 h-1 
and Case C at kv of 0 h-1 and kc of 2 h-1 are compared with the same Base case to 
show the situations with the same filtrated air flow rate as Case B. 

For the comparison with kv of 1 h-1 and kc of 1 h- 1, the cases reducing Ci,o/Co from 
high to low are Case B> Case A > Case C; reducing Ci,s/(Si/V) from high to low 
are Case C= Case B > Case A.  

Comparing Case A at kv of 2 h-1 and kc of 0 h- 1 with Case C at kv of 0 h-1 and kc of 
2 h- 1, it shows that the Ci,o/Co reduction in Case A is lower than that in Case C on 
the whole size range, especially in the size range of 0.01-2 μm. However, the 
corresponding study on the reduction of Ci,s/(S/V) shows that Case A with kv of 2 
h-1 and kc of 0 h-1 performs better than Case C does at the whole particle size 
range, especially in the size range of 0.01-2 μm. It needs to be noticed that the size 
range of 0.01-2 μm includes the most penetrating particle size (MPPS) of most 
filters.  

In Figure 7.7, for particles larger than a few micrometers, the filtration efficiency 
rapidly approaches its maximum of 100%. However, for the same particle sizes 
the deposition in the room continues to increase dramatically with increasing 
particle size (the filter still having about 100% efficiency). The deposition is the 
same in all cases (A-C), including the Base case. Thus, the marginal effect of the 
filters becomes smaller with increasing particle size. The same is true for the 
really small particles (smaller than about 20 nm).  
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(a) 

 

(b) 

Figure 7.7 Air filtration influence on Ci,o/Co and Ci,s/(Si/V) in Case A-C. The 
calculation is based on an F7 class filter, and unless otherwise 
specified with kv=1 h-1 and kc=1 h-1. (a) Ci,o/Co; (b) Ci,s/(S/V).  

The same calculations were also conducted on F5 and F9 class filters, see Figure 
7.8-7.9. The figures show that, the performance order of filter location for F5 and 
F9 class filters is the same as obtained for the F7 class filter. The reductions of 
Ci,o/Co and Ci,s/(Si/V) slightly increase in the F9 class filter application, while they 
are substantially reduced in the F5 class filter application. 

There is a negative decrease of Ci,s/(Si/V) for the Case C with filter class F5 and kc 
of 2 h-1 and kv of 0 h-1. Such negative decrease means that the time constant of 
indoor particles is longer in Case C than in the Base case. With the application of 
F7 class filter in this case, the time constant of indoor particles is almost the same 
as that of the base case. However, with the application of F5 class filter, the time 
constant of indoor particle removal is prolonged by 2.5 hours compared to the 
base case. Furthermore, this negative reduction of Ci,s/(Si/V) in the F5 class filter 
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case would not disappear until kc is larger than 30 h-1. Therefore, F5 class filter is 
not recommended in recirculating air filtration. 

According to the above filter class performance study, it is suggested to avoid the 
low class filter application in the recirculating air filtration. And the filter class is 
better no less than F7 class. 

 

 

(a) 

 

(b) 

Figure 7.8 Air filtration influence on Ci,o/Co and Ci,s/(Si/V) in Case A-C. It based 
on a F5 class filter, and unless otherwise specified with kv=1 h-1 and 
kc=1 h-1. (a) Ci,o/Co; (b) Ci,s/(S/V).  
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(a) 

 

(b) 

Figure 7.9 Air filtration influence on Ci,o/Co and Ci,s/(Si/V) in Case A-C. It based 
on a F9 class filter, and unless otherwise specified with kv=1 h-1 and 
kc=1 h-1. (a) Ci,o/Co; (b) Ci,s/(S/V). 

7.5 Air flow influence 
Figure 7.10 shows Ci,o/Co and Ci,s/(Si/V) in Case B with the outdoor air flow 
percentage varied from 0% to 100% at a constant supply air flow rate of 5 h-1. In 
the figure, Ci,o/Co increases with outdoor air percentage, while Ci,s/(Si/V) 
decreases with outdoor air percentage. To reasonably control indoor concentration 
of Ci,o and Ci,s together, the suitable outdoor air percentage should be dependent 
on the relative source strength of the outdoor particle infiltration and indoor 
particle emission. Ci,o/Co and Ci,s/(Si/V) at 0.132 μm have largest variation when 
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kv/(kv+kc) is varied from 0% to 100%. It could be explained by that the MPPS of 
the filtration efficiency of the cited F7 class filter is also at 0.132 μm. 

 

(a) 

 

(b) 

Figure 7.10 Ci,o/Co and Ci,s/(Si/V) in Case B with varied outdoor air percentage at 
a supply air flow rate of 5 h-1 and with filter class F7. (a) Ci,o/Co; (b) 
Ci,s/(Si/V). 

Additionally, the model study has been applied to a building with ambient 
particles in Figure 7.1[73] and with indoor particles generated from perfumed 
candle burning[51]. 
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Figure 7.11 Adopted size-resolved number concentration of ambient particles[73] 
and particles emission from perfumed candle burning[51]. The candle 
is assumed to burn for 1 hour in a room with a volume of 30 m3.  

Figure 7.11 shows the size distributions of ambient particles[74 and particle 
emission from perfumed candle burning[51]. Based on the size distributions of the 
above two particle origins, the size-resolved Ci,o/Co and Ci,s/(Si/V) in Figure 7.10 
could be integrated to be the results for particles in a specific size range. Figure 
7.12 shows the integrated Ci,o/Co, Ci,s/(Si/V) in the size range of PM0.01, PM0.1, 
PM1, PM2.5 and PM10 when outdoor air flow percentage in the supply air is varied 
from 0% to 100%. Here, the PM refers to number concentrations, not mass 
concentrations. Additionally, considering the big variation of Ci,o/Co, Ci,s/(Si/V) on 
MPPS (0.132 μm) in Figure 7.10, it is reasonable to include the results on MPPS 
in the Figure 7.12. 

Both the cited ambient particles and the particle emission by perfumed candle in 
Figure 7.11 have the peak concentrations at a size less than 0.1 μm. Due to the 
similar number concentration of PM1, PM2.5 PM10 and even PM0.1, the integrated 
Ci,o/Co and Ci,s/(Si/V) are similar for PM0.1, PM1, PM2.5 and PM10, while they are 
lowest for PM0.01 and largest for MPPS. Furthermore, MPPS curves practically 
present the largest variation for all possible particle size distributions to leave 
indoors. The results in Figure 7.12 could be different for particle sources with 
different size distributions. 

Another calculation based on a different size-distribution is presented in Figure 
A2-A4 in Appendix C. In Figure A2, the size of peak concentration of the new 
ambient particles and indoor particle emission is around 0.1 μm, which is close to 
the MPPS of the filter class F7. Figure A3-A4 show that the size integrated Ci,o/Co 
and Ci,s/(Si/V) in a diameter range including MPPS would be close to the two 
parameters values on MPPS. 
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(a) 

 

(b) 

Figure 7.12 Integrated Ci,o/Co, Ci,s/(Si/V) in the size range of PM0.01, PM0.1, PM1, 
PM2.5, PM10 and MPPS (0.132μm) at varied outdoor air flow 
percentage with filter class F7. The supply air flow rate is 5 h-1. (a) 
Ci,o/Co; (b) Ci,s/(Si/V). 

According to Figure 7.12, among the above six particle sizes, PM0.01 is hardest to 
penetrate into indoors and easiest to leave indoors, while MPPS-sized particles is 
easiest to penetrate into indoors and hardest to leave indoors. To investigate the 
influence of supply air flow exchange rate, outdoor air percentage is assumed to 
be 50% in the following study. 
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(a) 

 

(b) 

Figure 7.13 Ci,o/Co and Ci,s/(Si/V) in Case B with different supply air exchange 
rates and with filter class F7. The outdoor air flow percentage is 
constant at 50%, i.e. kv/( kv+ kc)=50%. (a) Ci,o/Co; (b) Ci,s/(Si/V). 

 

Figure 7.13 shows the Ci,o/Co and Ci,s/(Si/V) in Case B with the supply air 
exchange rate increasing from 1 h-1 to 10 h-1. The percentage of outdoor air flow 
in the supply air flow is 50%. The figure shows that both Ci,o/Co and Ci,s/(Si/V) 
decrease with supply air exchange rate. The suitable supply air flow rate is based 
on the required/recommended Ci,o/Co and Ci,s/(Si/V). For the sake of energy 
saving, it is reasonable to use the minimum air flow meeting the indoor air quality 
requirement.  
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(a) 

 

(b) 

Figure 7.14 Integrated Ci,o/Co, Ci,s/(Si/V) in the size range of PM0.01, PM0.1, PM1, 
PM2.5, PM10 and MPPS (0.132μm) at with different supply air 
exchange rates and with filter class F7. The outdoor air flow 
percentage is constant at 50%, i.e. kv/( kv+ kc)=50%. (a) Ci,o/Co; (b) 
Ci,s/(Si/V). 

Figure 7.14 show the corresponding integration results based on the size 
distributions of the above two particle origins in Figure 7.11. In the figure, Ci,o/Co, 
Ci,s/(Si/V) is integrated in the size range of PM0.01, PM0.1, PM1, PM2.5, PM10 and 
MPPS (0.132μm) when the supply air flow increases from 1 h-1 to 10 h-1. The 
percentage of outdoor air flow in the supply air is 50%. Similar to Figure 7.12, the 
integrated Ci,o/Co and Ci,s/(Si/V) are similar for PM0.1, PM1, PM2.5 and PM10, while 
they are largest for MPPS-sized particles and smallest for PM0.01. The results are 
also depending on size-distributions. Moreover, the figure shows that when the 
supply air exchange rate is less than 2 h-1, increasing supply air exchange rate 
leads to a substantial decrease of Ci,o/Co and Ci,s/(Si/V), while further increasing 
the supply air exchange rate, the above decrease becomes less and less. 
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7.6 Conclusion 
The study investigates the sink fate of indoor particles influenced by indoor 
particle dynamical mechanisms, various air filter locations and ventilation modes. 
The mechanism effect on indoor particle removal are evaluated by the indoor 
particle proportion of outdoor origin (Ci,o/Co), and the time constant of indoor 
emitted particles, (Ci,s/(Si/V)). The two parameters have been investigated by a 
method that eliminates consideration of the source strengths and size distributions 
of Co and S. The dynamical mechanisms are considered as outdoor air and 
recirculated air filtration, indoor deposition, outdoor particle infiltration and 
indoor particle exfiltration and exhaustion. Filters in four locations to filtrate 
outdoor air, supply air, recirculated air and indoor air are evaluated, respectively. 
The four air filtration cases are compared with a base case with no air filtration.  

As expected, the mechanism model shows that reducing outdoor particle 
infiltration through the building envelope and reducing the outdoor air flow rate, 
can greatly reduce Ci,o/Co. As also expected, increasing recirculating air filtration 
can substantially reduce Ci,s/(Si/V). Furthermore, outdoor air filtration have 
significant effects on the removal of particles with diameter less than 0.01 μm and 
larger than 1 μm, while recirculating air filtration has good ability to remove 
particles with a diameter between 0.1 μm and 1 μm. Additionally, small particles 
(<0.01 μm) and large particles (>1 μm) apparently have a high possibility to 
deposit on indoor surfaces.  

The filter location study shows, for a case with equal outdoor air flow and 
recirculating air flow, that outdoor air filtration shows better performance than 
recirculating air filtration does on the reduction of Ci,o/Co, while the opposite 
phenomenon appears in the Ci,s/(Si/V) reduction. However, in a constant supply air 
flow, filtrating a high percentage recirculating air flow can more efficiently reduce 
Ci,o/Co than filtrating a high percentage outdoor air flow. And filtrating a high 
percentage outdoor air flow can more efficiently reduce Ci,s/(Si/V) than filtrating a 
high percentage recirculating air flow. 

The comparison between the performance of F5, F7 and F9 class filters shows that 
low class filters, such as F5 class filters, has much lower decrease effect on Ci,o/C 
and Ci,s/(Si/V) than F7 class filter does. And high class filters, such as F9 class 
filters, further decrease Ci,o/C and Ci,s/(Si/V) by almost no more than 10%-unit 
from the level of F7 class filters. Furthermore, it needs to be noticed that low class 
filters used for recirculating air filtration probably would prolong the time 
constant of indoor particles compared to the case without air filters and no 
recirculating air. It is better to avoid using a filter less than F7 class in 
recirculating air filtration. 

The air flow mode study shows that to reduce Ci,o/Co, the percentage of outdoor 
air flow in the supply air is better to be small. However, to reduce Ci,s/(Si/V), the 
percentage of outdoor air in the supply air flow is better to be large. Additionally, 
the variation of the percentage of outdoor air flow in the supply air is more 
sensitive to Ci,o/Co than to Ci,s/(Si/V), while the supply air flow has bigger impact 
on the variation of Ci,s/(Si/V) than on the variation of Ci,o/Co. Therefore, a probably 
reasonable consideration in the ventilation system design is the capacity to 
provide a suitable Ci,s/(Si/V) and Ci,o/Co to against the typical indoor and outdoor 
original pollutants for the designed building. 
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In a case study with a polluted ambient air[73] and an indoor source of perfumed 
candle[51], the integrated Ci,o/Co, Ci,s/(Si/V) at the size range of PM0.01, PM0.1, PM1, 
PM2.5 and PM10 shows that Ci,o/Co and Ci,s/(Si/V) are largest for MPPS-sized 
particles, while they are smallest for PM0.01. Moreover, increasing the supply air 
exchange rate and outdoor air percentage, the variation of Ci,o/Co and Ci,s/(Si/V) 
are also largest for MPPS-sized particles and smallest for PM0.01. Although the 
integrated results of Ci,o/Co and Ci,s/(Si/V) are depended on the size-distributions of 
particle sources, MPPS curves practically present the potentially largest variation 
for all possible particle size distributions to leave indoors When the size 
distributions of outdoor and indoor particle emissions are unpredictable, it is 
reasonable to consider the risk of system of air filtration and ventilation to remove 
indoor particles should be evaluated based on MPPS curves.  

Considering the big influence of EFMPPS on the Ci,o/Co and Ci,s/(Si/V), it can be 
predicted that the variation Ci,s/(Si/V) would become sharp for low class filters, 
and become slight for high class filters. See Figure A4-A5 in Appendix C. 
However, it needs to be noticed that the variation of Ci,o/Co is also limited to be 
within 0%-100%.  

In summary, motivated to control personal exposure to “harmful” particles, a 
potential application of the model is to analyze the routes of transportation and 
indoor occurrence of particle from specific sources. Ci,o/Co and Ci,s/(Si/V) are two 
critical parameters to evaluate the system performance on indoor particles 
removal. Based on a pre-study of the major particle sources in a building and in 
the surrounding environment, the results from model calculations can be used to 
recommend suitable air filters and ventilation rates/modes or to predict the 
existing system performances. There may be a potential to control the ventilation 
rate and mode based on one or more particle sensors. 
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8 Two-step air filtration 
According to Chapter 7, the filter MPPS has an important effect on indoor 
personal exposure to particulate air pollution. It is meaningful to study measures 
to ensure the filtration efficiency of intermediate air filtration without a substantial 
increase of the cost of the filtration. Two-step filtration could enhance filtration 
efficiency and pro-long main filter lifetime. A model study was done to evaluate 
the filtration efficiency and economical cost of two-step filtration compared to 
single-step filtration. The filter pressure drop increase rate was based on long-term 
measurements on field filters. The clean air flow cost based on the filtration 
efficiencies of full-scale filters on UFPs, PM1, PM2.5, PM10 and MPPS-sized 
particles were investigated in the model.  

8.1 Introduction 
Total cost of two-step filtration is affected by filter lifetime, filter class, electricity 
price, and ambient particle concentration. Filter lifetime is critical to the annual 
filtration cost. European standard EN 779:2012 [42] states 450 Pa as the final 
pressure drop when testing intermediate (M5-M6 and F7-F9) filters. US standard 
ASHRAE 52.2 [5] uses 250 Pa and 350 Pa as the minimum final pressure drops for 
MERV 9-12 (M5-M6) and MERV 13-16 (F7-F9) filters to identify when a filter 
minimum efficiency occurs. In many real applications, filters are replaced at 300 
Pa to keep the energy cost low [56]. Reducing the final pressure drop would 
shorten the filter lifetime, thus increasing the filter investment cost. Additionally, 
due to the by-products emitted from used filters, the filter replacement interval 
usually is based on the running time instead of the pressure drop in many cases. 
Standard EN 13779:2007 [45] recommends that pre-filters and main filters should 
be replaced within one year and two years, respectively. Some studies have found 
that when moisture deposits on the filter surface, microbiology can grow up 
quickly on the filter and emit microbial volatile organic compounds (MVOC) [116]. 
However, if the local climate is dry, the filter running time could be reasonably 
extended. 

Filters of different classes have different filtration efficiencies and initial pressure 
drops. Combining suitable filter classes is important to apply two-step filtration. 
Therefore, it is meaningful to analyse the economical cost of two-step filtration 
under the trend of energy cost increasing. In addition, the local ambient particle 
concentration can greatly influence the dust loading on filters. Boldo et al. 
(2006)[14]  investigated ambient concentration of PM10 and PM2.5 in 23 European 
cities. In their study, PM10 concentrations in the most studied cities were about 20 
μg/m3 and in few urban cities they were about 40 μg/m3. Dingenen et al. (2004) 
[32] demonstrated that European annual average concentrations of PM10 in nature 
and rural areas were about 10 μg/m3. Therefore, 20 μg/m3 and 10 μg/m3 are 
considered as typical urban and rural PM10 mass concentrations in the model. 
Because of the high urban particle concentration, the dust deposited on urban 
filters is probably more than that on rural filters after the same running time. Thus, 
the filter pressure drop increase in urban areas is expected to be higher than that in 
rural areas. 

The purpose of this model study is to compare the annual total cost between 
single-step filtration and two-step filtration with similar or higher filtration 
efficiency, especially on submicron particles and UFPs. The influences of filter 
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lifetime, electricity price, filter class, and ambient particle concentration on the 
filtration cost are investigated. The analysis compares single-step filtration and 
two-step filtration based on G4, M5-M6 and F7-F9 class filters according to the 
European standard EN779:2012 [42]. These filters are corresponding to MERV 7-
15 class filters in ASHRAE standard 52.2[5]. The filters are utilized in HVAC 
supply-air streams with 100% of outdoor air. 

8.2 Methodology 
The model is about the annual air flow costs and annual clean air flow cost of 
single-step filtrations and two-step filtrations. The annual cost includes energy 
cost and the cost for filter and labor.  

8.2.1 Modelling annual total cost of air filtration 
The annual total cost of air filtration consists of the cost of interval filter 
maintenance (filter and labor), the fan electricity consumption and the initial 
investment for the filter frame in the air handling unit [56, 99]. The labor cost 
includes the cost for installation, replacement and disposal of filters. The cost of 
filters and labor can be considered as the cost for filter maintenance, which could 
be reduced by filter lifetime extension. The fan electricity consumption is greatly 
influenced by the initial pressure drop and the pressure drop increase during the 
operation. The initial investment for the filter frame is not considered in the 
model, because it is judged to be much smaller than energy cost and filter 
maintenance cost.  

The fan electrical power (W) per unit volumetric air flow is extracted from eq. 
8.1, where ∆𝑃𝑃���� is the average value of filter pressure drop during the lifetime 
(Pa), η is the total efficiency of the fan and motor (%), 𝑉̇𝑉 is the volumetric air 
flow rate through the filter (m3/s), EF is the filtration efficiency (%). The filter 
prices (filter cost) in eq. 8.3 and 8.4 are cited from in the website of BELOK [12]. 

Fan power =(Air flow rate)×(𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴  𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝  𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 )
𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇  𝑓𝑓𝑓𝑓𝑓𝑓  𝑎𝑎𝑎𝑎𝑎𝑎  𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚  𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒

= 𝑉̇𝑉×∆𝑃𝑃����

𝜂𝜂
               (eq. 8.1) 

The energy cost during the operating time is expressed as:  

Lifetime energy cost =  

(Fan power)× (Operating hours over filter life) × (Electricity Price)     (eq. 8.2) 

The costs per unit of volumetric air flow and per clean air flow are obtained from 
in eq. 8.3 and 8.4. 

Annual Cost per unit air flow 
=Filter cost +Labor cost per filter installation +Lifetime energy cost

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴  𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 ∗𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙  𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡  (𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦 )
                    (eq. 8.3) 

Annual Cost per unit clean air flow  

=Filter cost +Labor cost per filter installation + Lifetime energy cost
𝐴𝐴𝐴𝐴𝐴𝐴  𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓  𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 ∗𝐸𝐸𝐸𝐸∗𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙  𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡  (𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦 )

                (eq. 8.4) 
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8.2.2 Modelling particle mass deposition rate on filters 
The particle size-resolved mass loading rate per unit volume air flow through the 
filters are calculated by eq. 8.5-8.8. 

The dust load on the single filter is calculated as: 

00 EFmm outf ×=                                             (eq. 8.5) 

The dust loads on the two combined filters are calculated as:  

For pre-filter 

11 EFmm outf ×=                                              (eq. 8.6) 

For main filter 

2122 )1( EFmEFEFmm outpref ××−=×=                          (eq. 8.7) 

where mf0, mf1 and mf2 are the particle size-resolved mass depositions per unit 
volume air flow [mg/(μm⋅m3)] on the single filter, pre-filter and main filter 
respectively; mout and mpre are the particle size-resolved mass concentrations 
[mg/(μm⋅m3)] in outdoor air and the downstream air of the pre-filter; EF0, EF1 and 
EF2 are the size-resolved efficiency of the single filter, pre-filter and main filter. 
The size-resolved mass depositions, mf0, mf1 and mf2, are calculated from a 
function of the size-resolved number concentration and the particle density. In the 
model, the particles density is assumed to be 1g/cm3 and the particles are assumed 
to be spherical.  

All the above parameters are depending on the particle diameter dp, which is in 
the range of 0.001∼100 μm in this study. The total dust load on a filter, Mf, tot, is 
calculated through integrating the particle size-resolved mass loading rate over dp 
between 0.001∼100 μm, then multiplying the total volumetric air flow during the 
filter operation time. This calculation is presented as eq. 8.8.  

3600)(, ×××= ∫ HVACpifdtotf VddmM
p

τ                         (eq. 8.8) 

where τHVAC is the filter operation time (h). For a given airflow rate, Mf, tot 
increases with filter filtration efficiency and filter operation time. 

In the model, some assumptions were made: the electricity price is 1 SEK/(kW/h); 
the labor cost per filter is 50 SEK; the total efficiency of fan and motor is 70% at 
an air flow rate of 3400 m3/h; the filter efficiency during the lifetime is constant. 
Because the running time of HVAC systems in commercial buildings usually is 12 
hours/day, we assume filter operation time is 365 hours/month. The annual total 
cost is the sum of energy cost and the cost of filter and labor. 

8.2.3 Ambient particle size-resolved concentration 
The particle size-resolved concentrations in urban and rural atmosphere from 
Jaenicke [73] are utilized in the model. Figure 8.1 shows the particle size-resolved 
number and volume concentrations, dN/dlogDp and dV/dlogDp in urban and rural 
atmospheres. The mass concentration, mout, is calculated by multiplying the 
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volume concentration with the particle density. However, the calculated particle 
mass concentration is substantially higher compared to the general particle 
concentrations in Europe [14, 32]. According to the general PM10 concentration in 
European rural and urban in the study of Boldo et al. [14] and Dingenen et al. [32], 
the particle size-resolved concentrations in Figure 8.1 are adjusted to the 
concentrations with the integrated PM10 mass concentration of 20 μg/m3 for urban 
areas and 10 μg/m3 for rural areas. Moreover, to investigate the cases in seriously 
polluted urban areas, the urban particle mass concentration is increased from 10 
μg/m3 to 80μg/m3. 

 

 

Figure 8.1 Particle size-resolved number and volume concentration in urban and 
rural atmosphere. The size distributions are adopted from Jaenicke 
(1993) [73]. 

8.2.4 Filtration 
The filter size-resolved filtration efficiencies are illustrated in Figure 8.2, which 
includes the data from the laboratory measurements, the theory simulation, and 
the study of Hanley [58].  

 

Figure 8.2 The size-resolved efficiency for G4, M5-M6 and F7-F9 class filters. 
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The ASHRAE class filters in Hanley’s study are roughly corresponding to the 
European filter classes in the brackets. The measurement data shown in Figure 8.2 
were obtained by the methodology described in Chapter 4. The testing air flow 
rate was 0.944m3/s for the measured efficiencies given in Figure 8.2. Based on the 
fibrous filtration theory described by Hinds [65], and summarized in Chapter 3, a 
set of simulations were conducted in the full diameter range of the study. 
Considering the good agreement between the data from the three sources, the 
simulation efficiencies are utilized in the model. 

For the ambient particle size distribution shown in Figure 8.1, the filtration 
efficiencies integrated on UFPs, PM1, PM2.5 and PM10 are very similar, while the 
efficiency on MPPS-sized particles is much lower than them. In the following 
model study, the clean air flow costs according to eq. 8.4 are calculated based on 
the filtration efficiency on UFPs (EFUFPs) and MPPS-sized particles (EFMPPS).  

8.2.5 Filter pressure drop  
The average pressure drop during the running time is calculated as the average 
value of the initial and final pressure drops. In the experiments, the filter initial 
pressure drops were measured to the following values: G4 (58Pa), M5 (64Pa), M6 
(75Pa), F7 (98Pa), F8 (152Pa) and F9 (180Pa) at an air flow rate of 3400m3/h. 
Figure 7.3 shows how the pressure drops (∆P-∆Pinitial) of the G4, M5-M6 and F7-
F8 class filters increase with the normalized dust load on filter cross section area 
(m2). The data are obtained from field filter experiments in Borås, Sweden [37]. 

 

Figure 8.3 Effect of normalized dust load (g/m2) on relative pressure drop (∆P-
∆Pinitial) of G4, M5-M6 and F7-F8 class filters [37]. 

In the figure, the G4, M6 and F7-F8 class filters were operated for 6 months and 
M5 filter was operated for 14 months. The increase of the pressure drop with the 
dust load was obviously less than the laboratory measurements according to 
EN779, while very close to another field measurement presented by Bekö et.al [9]. 
Although the figure shows a linearly increasing relationship, it would be a non-
linear relationship when the normalized dust load extends to a big range [41]. Since 
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many filter manufactures may sell the same filter medium both as F9 and F8 
filters, the regression function of F9 class filters is assumed to be the same as that 
of F8 class filters. 

8.2.6 Filter lifetime 
The recommended filter lifetime in HVAC systems according to the standard EN 
13779:2007[45] and the REHVA guidebook (2009) [57] is 2000 h or a maximum of 
one year for pre-filters/single filters, and 4000 h or a maximum of two years for 
main-filters. According to the operation time of 365h/month, this lifetime 
corresponds to half a year for pre-filters/single filters and one year for main filters. 
The influence of filter lifetime is investigated through separately increasing the 
lifetime of the main filter and the pre-filter, see Figure 8.4 (a)-(c). 

Figure 8.4 (a)-(c) shows the annual air flow costs of two-step filtration of G4+F9 
and M6+F7 when pre-filter and main filter lifetime are varied separately, from 3 
months to 42 months, in urban areas (PM10: 20 μg/m3), rural areas (PM10: 10 
μg/m3) and polluted urban areas (PM10: 40 μg/m3). To the two-step filtration, 
extending the main filter lifetime would reduce the cost more than the pre-filter 
does. Furthermore, the cost decrease with the extended filter lifetime is more 
obvious on “G4+F9” than that on “M6+F7”. This means that, to reduce the annual 
cost, prolonging the main filter lifetime is more effective when such two filters 
have a larger class difference.  
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(b) 

 

(c) 

Figure 8.4 Annual air flow cost of two-step filtration of M6+F7 and G4+F9 
varied with pre-filter and main filter lifetime. (a) Urban areas: PM10 
is 20 μg/m3; (b) Rural areas: PM10 is 10 μg/m3; (c) Polluted urban 
areas: PM10 is 40 μg/m3. 
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In the figure, when main or pre-filter lifetime is less than 6 months, the annual 
cost is substantially high. When main or pre-filter lifetime is prolonged from 6 
months to 24 months, the annual cost is not reduced much. When the lifetime is 
extended above 24 months, the reduction of annual cost is very small. The red 
circles marked cost is for the case with the lifetime of 6 months for pre-filter and 
12 months for main filter [45, 57]. The orange circle marked cost is for the case with 
the lifetime of 12 months for pre-filter and 24 months for main filter. In the 
calculation, the cost in orange circle is close to the minimum cost and 500 SEK 
less than the cost in red circle. Therefore, the lifetime in the following study is 12 
months for pre-filter and 24 months for main filter. Additionally, to make a 
parallel comparison, the single filter lifetime is also set to 12 months as same as 
the pre-filter lifetime. 

In Figure 8.4 (a)-(c), to reduce the cost, extending the main filter lifetime is more 
useful in low PM10 concentration areas than in high PM10 concentration areas. In 
Figure 8.4 (c), when ambient PM10 concentration and filter class is high, the long 
lifetime of the main filter would result in a high cost due to high dust load induced 
high pressure drop. 

8.3 Results  
Suitable combinations of filter classes are important to control two-step filtration 
cost. Figure 8.5 (a)-(b) shows the average pressure drops of pre-filters and main 
filters applied in urban areas (PM10: 20 μg/m3) and rural areas (PM10: 10 μg/m3).  

In the figure, the total pressure drop of low class combined filters could be even 
lower than that of a high class single filter, such as M6+F7 versus F9. The 
pressure drop of high class combined filters is obviously higher than other two-
step and single-step filtration, which results in high cost for electricity 
consumption. In the study, the modelled final pressure drops of main and pre-
filters are less than the limitation of 250 Pa for pre-filters and for 350 Pa for main 
filters. In Figure 8.5 (a)-(b), for the same filter the pressure drop in rural areas is 
somewhat lower than that in urban areas.  
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(b) 

Figure 8.5. Average pressure drops of pre-filter and main filter. (a) Urban areas; 
(b) Rural areas. 

Figure 8.6 (a)-(b) shows the annual cost per unit volumetric air flow (including 
energy, filter and labor) in urban areas (PM10: 20 μg/m3) and rural areas (PM10: 10 
μg/m3). The high cost cases in Figure 8.6(a)-(b) also have high pressure drops in 
Figure 8.5 (a)-(b). This is because the energy cost contributes about 60 % of total 
cost in both urban and rural areas. For single-step filtration, this percentage is 62 
% in urban areas and 61 % in rural areas. However, for two-step filtration, the 
above percentage is increased to 69 % in urban areas and 68 % in rural areas. This 
means that, when a single filer is replaced by two combined filters, the percentage 
of energy cost of the total cost increases. In summary, when the indoor 
environment only needs an F7, or less than F7 class filter, two-step filtration is not 
attractive in the view of economical cost. However, for indoor environments with 
high air quality requirements, some two-step filtrations probably are cost 
competitive with an F8/F9 class single-step filtration. 
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(b) 

Figure 8.6 The annual costs for per unit volumetric air flow. (a) Urban areas; (b) 
Rural areas. 

The clean air flow cost comparisons between single-step and two-step filtrations 
are displayed in Figure 8.7 (a)-(b), which are based on EFUFPs and EFMPPS 
respectively. Here, the relative clean air cost is the cost ratio of the two-step 
filtration to the single-step filtration. Because the value of EFUFPs, EFPM1, EFPM2.5 
and EFPM10 are similar for the studied aerosol size distribution, the results of 
EFUFPs in Figure 8.7 (a) also indicate the results based on EFPM1, EFPM2.5 and 
EFPM10. Additionally, because EFMPPS is substantially lower than EFUFPs, EFPM1, 
EFPM2.5 and EFPM10 in the study, Figure 8.7 (b) is obviously different from Figure 
8.7 (a). The bars with values below 100% in Figure 8.7 (a)-(b) indicates that the 
two-step filtration cost is lower than the compared cost of single-step filtration. 
The purple bars mean that the two-step filtration has lower filtration efficiency 
than the compared single-step filtration.  

In Figure 8.7 (a), the many cases of two-step filtration cost about 20% more than 
an F9 class single-step filtration does. The same situation also appears for some 
two-step cases compared to the case of a single F8 class filter. Furthermore, the 
two-step filtration of M6+F7 costs even less than the F9 class single-step filtration 
does. However, compared to the cost of an M6 or F7 class single-step filtration, 
the costs of many two-step filtration cases are about 50% higher. When the 
evaluation is based on EFMPPS, two-step filtration seems to be a bit more 
economical. In Figure 8.7 (b), almost all efficient two-step filtration cases cost up 
to 20% more than F8 or F9 class single-step filtration, and less than 50% of the 
cost for F7 class single-step filtration. Because M6 class filters have very low 
EFMPPS, its clean air flow cost is much higher than that of most combined filters 
cases. Additionally, the cost of two-step filtration of F7+F7 is lower than that of 
F9 class single-step filtration in Figure 8.7 (b). Note that the evaluation based on 
EFMPPS presents the worst filtration case that most upstream particles are size 
distributed in the size range with minimum filtration efficiency.  

 

0

500

1000

1500

2000

2500

3000

3500

4000

M
6 F7 F8 F9

G
4+

M
6

M
5+

M
6

M
6+

M
6

G
4+

F7
M

5+
F7

M
6+

F7
F7

+F
7

G
4+

F8
M

5+
F8

M
6+

F8
F7

+F
8

F8
+F

8
G

4+
F9

M
5+

F9
M

6+
F9

F7
+F

9
F8

+F
9

F9
+F

9

A
nn

ua
l c

os
t 

pe
r 

un
it

 a
ir

 fl
ow

 
SE

K/
(y

ea
r*

m
3 /

s) Energy

Filter and 
Labor



   

107 

 

 

(a) 

 

50%

100%

150%

200%

250%

300%

G
4+

M
6

M
5+

M
6

M
6+

M
6

G
4+

F7
M

5+
F7

M
6+

F7
F7

+F
7

G
4+

F8
M

5+
F8

M
6+

F8
F7

+F
8

F8
+F

8
G

4+
F9

M
5+

F9
M

6+
F9

F7
+F

9
F8

+F
9

F9
+F

9

Re
la

ti
ve

 c
le

an
 a

ir
 fl

ow
 c

os
t 

M6

Urban

Rural

50%

100%

150%

200%

250%

300%

G
4+

M
6

M
5+

M
6

M
6+

M
6

G
4+

F7
M

5+
F7

M
6+

F7
F7

+F
7

G
4+

F8
M

5+
F8

M
6+

F8
F7

+F
8

F8
+F

8
G

4+
F9

M
5+

F9
M

6+
F9

F7
+F

9
F8

+F
9

F9
+F

9Re
la

ti
ve

 c
le

an
 a

ir
 fl

ow
 c

os
t 

F7

Urban

Rural

60%

80%

100%

120%

140%

160%

180%

200%

G
4+

M
6

M
5+

M
6

M
6+

M
6

G
4+

F7
M

5+
F7

M
6+

F7
F7

+F
7

G
4+

F8
M

5+
F8

M
6+

F8
F7

+F
8

F8
+F

8
G

4+
F9

M
5+

F9
M

6+
F9

F7
+F

9
F8

+F
9

F9
+F

9

Re
la

ti
ve

 c
le

an
 a

ir
 fl

ow
 c

os
t 

F8

Urban

Rural

60%

80%

100%

120%

140%

160%

180%

200%

G
4+

M
6

M
5+

M
6

M
6+

M
6

G
4+

F7
M

5+
F7

M
6+

F7
F7

+F
7

G
4+

F8
M

5+
F8

M
6+

F8
F7

+F
8

F8
+F

8
G

4+
F9

M
5+

F9
M

6+
F9

F7
+F

9
F8

+F
9

F9
+F

9Re
la

ti
ve

 c
le

an
 a

ir
 fl

ow
 c

os
t 

F9

Urban

Rural



   

108 

 

 

(b) 

Figure 8.7 Relative clean air flow cost of combined filters compared to single 
filters. (a) Clean air flow for UFPs; (b) Clean air flow for MPPS-sized 
particle.  
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(a) 

 

(b) 

Figure 8.8 Relative clean air flow cost of two-step filtration compared to single-
step filtration with varied electricity price. The calculations are made 
for the urban environment. (a) Versus an F7 filter; (b) Versus an F9 
filter. 

Considering the model ambient particle size distribution as shown in Figure 8.1, 
the following results in Figure 8.8-8.10 are based on EFUFPs. And the figures only 
present the two–step filters obtaining the same or higher efficiency than that of the 
compared single-step filter. Figure 8.8 shows the effect of electricity price on the 
clean air flow cost ratio of single-step filtration to two-step filtration. The figure 
indicates that, the ratio is almost constant with the increase of electricity price. 
However, the absolute cost difference is still probably enlarged at the electricity 
price increase rate. An exception is the two-step filtration of M6+F7 versus a F9 
class single-step filtration, whose ratio is less than one. Additionally, if two 
combined filters are used to replace a high class single filter, the relative cost ratio 
is more stable than the case if the filter combination replaces a single filter of 
lower class.  
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(a) 

 

(b) 

Figure 8.9 Relative annual cost per unit clean air flow on UFPs between single 
filters and combined filters for varied ambient PM10 mass 
concentration. (a) Versus an F7 class filter; (b) Versus an F9 class 
filter. 

Figure 8.9 shows the relative clean air flow cost varied with the ambient PM10 
mass concentration. The relative clean air flow cost is the clean air flow cost ratio 
of two-step filtration to single-step filtration. In the figure, for most two-step 
filtration cases, the relative clean air cost slowly decreases with ambient particle 
concentration. This demonstrates that, compared to a single filter, two-step 
filtration is more economical in heavy particle polluted areas. Especially, this 
phenomenon seems to be clearer when compared to low class single-step 
filtration.  

Figure 8.10 shows a comparison between the cost when using the short filter 
lifetimes (pre-filter: 6 months; main filter: 12 months)] to the cost with the above 
investigated lifetimes. The relative clean air flow cost, which is the ratio of the 
cost with the short lifetime to the cost with the lifetime investigated above. The 
figure shows that the cost with the short lifetime is about 30% higher than the cost 
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with the investigated lifetime. However, compared to the cost of single-step 
filtration with a lifetime of 6 months, the cost ratio of two-step filtration to single-
step filtration is reduced at the short lifetime. And there are more economical 
benefit two-step filtration cases. See Appendix B. This short lifetime is set in 
order to reduce the risk of by-products generation from used filters. The results 
indicate the magnitude of the costs associated with this risk reduction.  

 

Figure 8.10 Relative annual clean air cost between the cost with the short lifetime 
(pre-filter: 6 months; main filter: 12 months) and the cost with the 
investigated lifetime (pre-filter: 12 months; main filter: 24 months).  

 

8.4 Discussion and conclusion 
In summary, the study shows that two-step filtration is not obviously more 
expensive than single-step filtration. Low class two-step filtration probably costs 
less than high class single-step filtration does and obtains the same or even higher 
filtration efficiency, for example M6+F7 filters cost less than a single F9 class 
filter does per volumetric clean air flow.  

As a general filtration comparison, when judging clean air flow cost based on 
EFUFPs, many two-step filtration cases cost about 20 % more than F8/F9 class 
single-step filtration does; and many two-step filtration cases cost about 50 % 
more than an M6/F7 single-step filtration does. However, when judging clean air 
cost based on EFMPPS, almost all two-step filtration cases cost less than 20% of the 
compared single filter does, except for the comparison to a single F7 class filter.  

Suitable lifetime of main filter and pre-filter is needed to reduce two-step filtration 
cost to the minimum cost level. The study shows that extending the main filter 
lifetime can reduce the cost more than extending the pre-filter lifetime does. This 
solution is more effective when the combined two filters have larger difference in 
class.  

Extending filter lifetime relies on the ambient particle concentration. Special 
attention should be paid when extending the life time of the main filter in 
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seriously particle polluted areas, because extending the main filter lifetime has the 
risk to substantially increase the energy cost. 

The relative economical benefit of two-step filtration compared to single-step 
filtration increases with the ambient particle concentration. Thus in general, it is 
more economical to use combined filters in urban areas than in rural areas. Due to 
uncertainties regarding energy supply and energy prices, the influence of 
electricity price was investigated. And the results show that the clean air flow cost 
ratio is almost constant with the electricity price increase.  

The potential economical benefit on air flow and clean air flow can be attributed 
to the following reasons: (a) the lifetime of the main filter can be extended 
because a large amount of coarse particles are blocked by the pre-filter; (b) low 
class filters have lower initial pressure drop than that of high class filters; (c) the 
increased filtration efficiency on UFPs and MPPS-sized particles can relatively 
reduce the clean air flow cost of two-step filtration.  

To reasonably apply two-step filtration, some suggestions are summarized 
according to the study: 

1. Suitable low class two-step filtration is cost competitive compared to high 
class single-step filtration, without any reduction of the filtration efficiency 
of UFPs and MPPS.  

2. Reasonably extending the main filter lifetime can reduce the total cost. This 
extension relies on the ambient particle concentration. 

3. It is more economical to apply two-step filtration in areas with high 
ambient particle concentration.  

4. The cost ratio of two-step filtration to single-step filtration is almost 
constant with the electricity price increase.  

5. The annual cost with the short lifetime (pre-filter: 6 months; main filter: 12 
months) is about 30% higher than the cost with the investigated lifetime 
(pre-filter: 12 months; main filter: 24 months). 

In conclusion, the study evaluated the economical cost and filtration efficiency 
of two-step filtration compared to single-step filtration in different ambient air; 
and investigated the effect of the main influencing factors. The priority 
between them is closely related with filter lifetimes, filter classes, ambient 
particle concentrations and electricity prices. To limit the by-products 
generation from used filters, the filter lifetime at a specific location probably 
needs to be designed according to the local climate and the local ambient 
particle concentration. 

The analysis is an example and the results rely on a number of assumptions. 
For example, the data on the increase of the pressure drop over time are based 
on a few measurements made in one location only. Thus, the assumed relation 
between accumulated dust and pressure drop increase is judged to be uncertain. 
In general, reliable data are scarce. In order to sharpen the precision of analyses 
of the type presented here, there is an urgent need to establish better data from 
the field. 
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Another assumption is that the filtration efficiency is constant over time. Also 
in this case it is hard to establish reliable data valid for filters in real operation 
in buildings. The analysis was made using the initial filtration efficiency 
observed for one individual filter of each class studied. 

Of these reasons the study must be considered as an indication of tendencies 
rather than en establishment of generally valid relationships.  
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9 Ionizer assisted air filtration 
An ionizer applied at the upstream of a ventilation air filter could enhance the 
particle collection efficiency of the filter, without affecting the pressure drop. This 
chapter is to investigate the magnitude of the filtration efficiency enhancement 
when using an ionizer on charged synthetic and glass fiber ventilation air filters.  

9.1 Introduction 
This study investigates the influence of the fiber material, filter class and ion 
concentration on the enhanced efficiency obtained by ionization before the filter. 
Besides the enhanced efficiency, the risk of emission of by-products, e.g. ozone, 
is another important issue that has been considered in the experiments. The study 
was carried out at laboratory full-scale filter test rig, a small-scale filter test rig 
and a field demand controlled ventilation (DCV) system. 

9.2 Full scale filter laboratory experiments 

9.2.1 Methods 
The ventilation filter experiment was conducted in a full-scale filter test rig with 
the experimental setup shown in Figure 9.1. In the laboratory filter test rig 
experiments, seven ventilation filters of class F5-F9 (MERV11-15), made of three 
types of fiber materials were tested.  

The measurement equipment and methods are basically the same as the ones 
presented in chapter 4. The upstream and downstream aerosol concentrations and 
size distributions were measured by a Scanning Mobility Particle Sizer (SMPS) 
spectrometer (Model: SMPS 3936, TSI, USA) including a long Differential 
Mobility Analyzer (DMA) and a Condensation Particle Counter (CPC). The test 
rig was constructed in accordance with the European filter standard EN779. A 
HEPA filter of class H14 was used upstream to provide clean air. Downstream the 
HEPA filter, a Di-Ethyl-Hexyl-Sebacat (DEHS) aerosol was generated by an 
atomizer (Model: ATM 230, Topas, Germany) and negative ions were generated 
by a carbon fiber ionizer (Transjoinc AB, Sweden) with the working voltage of 7 
kV. The ion concentration was measured by an ion meter (Transjoinc AB, 
Sweden).  

The tests were done with an average ion concentration about 3.2∙10 5 ion-/cm3, and 
1.2∙106 ion-/cm3. The corresponding face velocities of the two air flow rates are 
0.7 m/s and 2.6 m/s. The air flow rate 0.944m3/s is the nominal filter test air flow 
rate according to EN779. The air flow rate of 0.25m3/s was chosen in order to 
increase the contact time between ions and particles.  
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Figure 9.1 Experimental setup of the test in the full-scale filter test rig. 

Table 9.1 lists the specification of the filters tested in the experiments. Filter #4 is 
designated a “nano-fiber filter” by the manufacturer. It is made of charged 
synthetic fibers, which, also according to the manufacturer, incorporates 
submicron fibers. 

Table 9.1. Specifications of the Filters Tested in the Filter Test Rig. 

Tested 
filters 

Filter class Filter 
media type Filter size 

EN 779 ASHRAE 52.2 

#1 F6 MERV 11-12 Charged 
Synthetic 

592*592*635mm_8 bags 

#2 F7 MERV 13 Charged 
Synthetic 

592*592*635mm_8bags 

#3 F7 MERV 13 Glass Fiber 592*592*500mm_10 bags 

#4 F7 MERV 13 Nano-fiber 592*592*635mm_8 bags 

#5 F8 MERV 14 Charged 
Synthetic 

592*592*635mm_8 bags 

#6 F8 MERV14 Glass Fiber 592*592*450mm_8 bags 

#7 F9 MERV 15 Charged 
Synthetic 

592*592*635mm_8 bags 

 
Additionally, the increase of the efficiency obtained by assisting the filter with the 
ionizer is defined by eq. 9.1. Here, EF with ionizer and EF without ionizer are the 
filtration efficiencies of a filter assisted with an ionizer and without an ionizer, 
respectively.  

Enhanced efficiency= EF with ionizer- EF without ionizer             (eq.9.1) 
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9.2.2 Results 
The enhanced efficiency is investigated for different filter materials, classes and 
ion concentrations. Figure 9.2 shows the results for glass fiber filter #3 under ion 
concentrations 3.2∙105 ions-/cm3 and 1.2∙106 ions-/cm3. By comparing Figure 9.2 
(a) and (b), it is clear that the enhanced efficiency is higher with a higher ion 
concentration. Additionally, both Figure 9.2 (a) and (b) show that the efficiency is 
enhanced more for ultrafine particles than for particles of other sizes. This is 
expected because the particles are influenced by the Coulombic force, which 
increases with decreasing particle size [78, 129]. 

 

(a) 

 

(b) 

Figure 9.2 Particle removal efficiency of F7 glass fiber filter #3 at the face 
velocity 0.7 m/s and ion concentration of (a) 3.2∙105 ions-/cm3; (b) 
1.2∙106 ions-/cm3. 

Figure 9.3 shows the enhanced efficiencies of three fiber materials under the same 
low ion concentration and the face velocity 0.7 m/s. In the ultrafine size-range 
both the synthetic fiber filter #2 and the nano-fiber filter #4 showed higher 
enhanced efficiencies than the glass fiber filter #3 did. The differences were quite 
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small for other particle sizes. The curves are almost identical for the nano-fiber 
filter #4 and the synthetic fiber filter #2, which may have been expected since also 
the nano-fiber material is made of synthetic fibers. The main difference between 
these filter materials is assumed to be the fiber size. However, this has not been 
investigated to date.  

 

Figure 9.3 Enhanced efficiency by the ionizer for three F7 filters #2, #3 and #4 at 
the face velocity 0.7 m/s and ion concentration of 3.2∙105 ions-/cm3. 

 

Figure 9.4 Enhanced efficiency with ionizer for two F8 filters #5 and #6 at the 
face velocity of 2.6 m/s and ion concentration of 1.2·106 ions-/cm3. 

Figure 9.4 shows the results of the corresponding experiments on F8 filters # 5 
and #6 under an ion concentration of 1.2·106 ions-/cm3 and at the face velocity 2.6 
m/s. Also in this experiment the synthetic filter showed a higher enhanced 
efficiency than the glass fiber filter. Moreover, the higher ion concentration 
probably promoted the enhanced efficiency of the case presented in Figure 9.4, 
compared to the case presented in Figure 9.3. However, the substantially higher 
face velocity is expected to have counteracted the enhanced efficiency for the case 
in Figure 9.4. Despite this expected negative effect of the higher face velocity, the 
synthetic F8 filter showed a higher enhanced efficiency than the synthetic F7 filter 
did. 
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Figure 9.5 Enhanced efficiency for filters #1, #2, #5 and #7 obtained at the face 
velocity 2.6 m/s and an ion concentration of 1.2∙106 ions-/cm3.  

Figure 9.5 shows that the enhanced efficiency for the charged synthetic filters 
increases somewhat from filter F6 to filter F9. It is supposed that the filters of 
higher class have more charged fibers and higher packing density than the filters 
of lower class. Thus, the higher class filters may impose a stronger electric field 
on the charged particles than the lower class filters can. 

When the ionizer was turned off the ozone concentration downstream of the tested 
filter was below the detection limit of 1 ppb. At the ion concentrations 3.2∙105 

ions-/cm3 and 1.2∙106 ions-/cm3, the ozone concentration increased to 1.2 ppb±0.5 
ppb and 2.8 ppb±1.7 ppb, respectively. In both cases the face velocity was 0.25 
m3/s. 

9.3 Field DCV system experiments 

9.3.1 Methods 
The experiments were conducted in a DCV system of a hospital office building in 
Göteborg, Sweden. The air handling unit has a design supply airflow rate of 4.8 
m3/s, and exhaust air flow rate of 4.6 m3/s. However, due to the DCV-function it 
operates at substantially lower flow rates most of the time. The particle number 
concentrations were measured by two instruments: A TSI P-TRAK Ultrafine 
Particle Counter was used to measure in the size range between 0.02μm and 
1.0μm, and a CLiMET CI-500 optical particle counter was used for the following 
size ranges: 0.3-0.5, 0.5-1.0, 1.0-5.0, 5.0-10.0, 10.0-25.0 and >25μm. 
Additionally, a TSI Dust-Trak photometer was used to measure the total mass 
concentration of particles with diameters less than 10 μm (PM10). Ozone 
concentration was measured by an Environics Series 300 UV-photometry 
instrument, with the detection limit of 1 ppb by volume. The outdoor air intake is 
located at the roof of the building. Figure 9.6 and 9.7 shows the experimental set 
up and the ionization system. The ionization system includes multiple carbon fiber 
brushes and a plasma field ionizer. The ion emission was controlled by the supply 
electricity voltage and the number of carbon fiber brushes.  
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Figure 9.6 Experimental setup of the test in the DCV system. 

 

Figure 9.7 Image of the ionization system. 

Two ventilation air filters were tested in the experiments. Table 9.2 lists the 
specification of the tested filters. The effect of the ionizer on the filtration 
efficiency is also described by the enhanced efficiency with the definition in eq. 
9.1. 
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Table 9.2 Specifications of the Filters Tested in the DCV system. The F7 filter 
had been in operation for about one year. The G4 filter was new. 

Tested 
filters 

Filter class Filter media 
type Filter size Number 

EN 779 ASHRAE 52.2 

#8 F7 MERV 13 Glass fiber 
592×592 mm 
592×287 mm 
592×490 mm 

3 
3 
3 

#9 G4 MERV 7-8 Synthetic 
592×592 mm 
592×287 mm 
592×490 mm 

3 
3 
3 

9.3.2 Results 

9.3.2.1 F7 dirty filters 
The experiments on the F7 dirty filters (1 year operation) were conducted with the 
ionizer providing an ion concentration of 3.4∙105 ions-/cm3. The filtration 
efficiency values and the enhanced efficiency are presented, see Figure 9.8 (a)-(c). 
The white bar represents the original filtration efficiency without ionizers. The 
stacked black bar represents the enhanced efficiency under the testing ion 
concentration.  

The figures show that the filtration efficiency of the F7 class filter is increased by 
about 20%-units for particles in the size range of 0.3-0.5μm. Comparing the 
results with data presented in Chapter 4 indicates that the filtration efficiency of 
the tested F7 class filter assisted with an ionizer is similar to the efficiency level 
of using an F8 or even F9 class filter alone. 

Additionally, the original filtration efficiency slowly increases with the reduced 
air velocity. The enhanced efficiency increases a bit with the reduced air velocity 
in Figure 9.8 (a) and (b). However, the enhanced efficiency in Figure 9.8 (c) 
reduces a bit and the total efficiency is similar to the level in Figure 9.8 (a) and 
(b). The cause is supposed to be the high original efficiency. 
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Figure 9.8 Original filtration efficiency without ionization and ionizer enhanced 
efficiency for the glass fiber F7 filter with an ion concentration of 
3.4∙105 ions-/cm3 at (a) 1.5 m/s, (b) 1.1m/s and (c) 0.9 m/s. 

9.3.2.2 G4 new filters 
The potential to substantially reduce the use of electrical energy for fan operation 
would be high if a low class filter, e.g. class G4, used together with ionization, 
could replace a traditional filter of higher class, e.g. an F7 filter. Therefore, a G4 
class synthetic filter was also investigated.  

Figure 9.9 shows its original filtration efficiency and enhanced efficiency tested at 
the face air velocity of 1.1 m/s with the ion concentration of 3.4∙105 ions-/cm3. 
The figure shows that the enhanced efficiency for the tested G4 filter is much 
lower than for the F7 filter at the same air velocity and ion concentration. 
Furthermore, the filtration efficiency of the G4 class filter with ionizer is still 
much lower than the filtration efficiency of the F7 class filter alone.  
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Figure 9.9 Original filtration efficiency without ionization and ionizer enhanced 
efficiency for the G4 class synthetic filter at 1.1 m/s with 3.4∙105 ions-

/cm3. 

Similarly, the G4 filter was also tested at two air velocities, 1.1 m/s and 1.3 m/s. 
Figure 9.10 shows the enhanced efficiency in the two tests. In the figure, when the 
air velocity increases from 1.1 m/s to 1.3 m/s, the enhanced efficiency clearly 
appears to be reduced. Furthermore, this reduction is clearer for the G4 class filter 
than for the F7 class filter, when Figure 9.10 is compared with Figure 9.8. 

 

 

Figure 9.10 Enhanced filtration efficiency for the G4 filter at 1.1 m/s and 1.3 m/s 
with 3.4∙105 ions-/cm3. 

For the purpose of increasing the enhanced efficiency for G4 class filters, the ion 
concentration was increased up to 7∙105 ions-/cm3. The enhanced efficiencies 
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observed under the two ion concentrations are shown in Figure 9.11. The figure 
shows that the enhanced filtration efficiency is almost zero under the low ion 
concentration (3.0∙105 ions-/cm3). However, increasing the ion concentration, the 
enhanced filtration efficiency obviously increased.  

 

Figure 9.11 Enhanced filtration efficiency for the synthetic G4 filter at 1.3 m/s 
with 3.0∙105 ions-/cm3 and 7.0∙105 ions-/cm3. 

The G4 class synthetic filter is a coarse filter and completely without 
electrostatic charges according to the manufacturer, which is expected to be the 
reason why the enhanced filtration efficiency is lower for this filter than for the F7 
class filter. Furthermore, the results show that the filtration efficiency of the G4 
class filter assisted with ionizer is lower than the filtration efficiency of the F7 
class filter. In the above two filters tests, the ozone concentrations in the 
downstream air, with and without ionizers, were close to the upstream air 
concentration level within ± 3ppb. Therefore, at and below the ion concentration 
of 7.0∙105 ions-/cm3, the G4 class filter cannot be used together with an ionizer to 
replace the commonly used F7 class filter. 

9.4 Flat sheet test for charged synthetic filter 

9.4.1 Methods 
The filter media type and class have an important influence on the enhanced 
efficiency. To find a suitable filter in this application, three flat sheet filters were 
tested in a small scale filter test rig. Figure 9.12 shows the schematic of the 
experimental setup. As can be seen in the figure, the test rig is the same as the one 
used for the small scale experiments presented in Chapters 4-6. 
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Figure 9.12 Experimental setup of the test in the small scale filter test rig. 

The number particle concentrations were measured by a TSI P-TRAK Ultrafine 
Particle Counter for particles in the size range between 0.02μm and 1.0μm, and a 
CLiMET CI-500 optical particle counter for particles in the following size ranges: 
0.3-0.5, 0.5-1.0, 1.0-5.0, 5.0-10.0, 10.0-25.0 and >25μm. Similarly, a TSI Dust-
Trak photometer was used to measure the mass concentration of PM10. Ozone 
concentration was measured by the same Environics Series 300 UV-photometry 
instrument. A carbon fiber ionizer provided an ion concentration of about 2.0∙106 
ions-/cm3. The ion concentration in the exhaust air was measured by an ion meter. 
The three flat sheet filters were provided by a Swedish filter manufacturer. The 
specifications of the flat sheet filters are listed in Table 9.3. 

Table 9.3 Specifications of the flat filter sheets. 

Filter 
code 

Filter class 
Filter media type Electrostatic 

Charged state EN 779 ASHRAE 52.2 

#10 G4 MERV 7-8 Polyester No charged 

#11 F6 MERV 11-12 Polypropylene Charged 

#12 F7 MERV 13 Polypropylene Highly charged 

9.4.2 Results 
The filtration efficiencies of the three flat sheet filters were tested at two air 
velocities through the filter medium, 0.16 m/s and 0.36 m/s. The ion concentration 
in the exhaust air was observed to vary between 700 ion-/cm3 and 1000 ion-/cm3. 
The ozone concentration in the downstream air was below 5 ppb during the 
experiments. 

Figure 9.13 shows the results from the G4 class filter sample. The enhanced 
efficiency the figure is substantially higher than that in Figure 9.11. However, the 
efficiency with ionizer working is still lower than the efficiency of the F7 class 
filter alone, as shown in Figure 9.8. Additionally, the increases of air velocity 
from 0.16 m/s to 0.36 m/s results in a reduction of the enhanced efficiency by 
more than 20%-units. 
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(a) 

 

(b) 

Figure 9.13 Filtration efficiency of G4 class filter with an ionizer on and off. (a) 
0.16 m/s; (b) 0.36 m/s. 

Figure 9.14 and 9.15 show the results for the F6 and F7 class sheet filters. 
Because the two filter sheets are charged, the original filtration efficiencies are 
extremely high. Thus, the enhanced efficiency is greatly limited by the high 
original efficiency. The ionizer increases the filtration efficiency up to 100% in all 
particle size ranges. Because the electrostatic charge normally disappears after 
some time of operation (e.g. a few months), it is meaningful to investigate the 
long-term performance of the ionizer assisted filtration system. The efficiency of 
the tested F6 class filter with ionizer is apparently higher than the efficiency of an 
F7 filter alone, without ionization. Long term tests are required to investigate if 
this would be the case for extended periods of time. 
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(a) 

 

(b) 

Figure 9.14 Filtration efficiency of M6 class filter with an ionizer on and off. (a) 
0.16 m/s; (b) 0.36 m/s. 
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(a) 

 

(b) 

Figure 9.15 Filtration efficiency of F7 class filter with an ionizer working and 
non working. (a) 0.16 m/s; (b) 0.36 m/s. 

 

9.5 Discussion and conclusion 
The results show that the effect on filtration efficiency of ionizer assisted filtration 
depending on the ion concentration, air velocity, filter class and filter medium 
type. Because the supply air flow rate in a DCV system varies quite frequently, it 
is important that the ionizer can provide a stable high ion concentration to keep 
the enhanced efficiency. The setting of the system should be examined by 
measuring the enhanced filtration efficiency and the downstream ozone 
concentration at the design minimum and maximum air flow rate. 

In general, their effects on the enhanced efficiency are as follows. 
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• With the same ion concentration, the enhanced efficiency of charged 
synthetic filters is higher than that of glass fiber filters, especially in the 
ultrafine particle size fraction. 

• With the ion concentration of 3.2∙105 ions-/cm3, the dirty glass fiber F7 
filter showed an enhanced efficiency about 15 to 20 %-units for submicron 
particles, and reached an efficiency level approximately corresponding to 
F9 class filters.  

• The enhanced efficiency for the G4 class filter increased from 0 to 50 %-
units for submicron particles when the ion concentration was raised from 
3.4∙105 ions-/cm3 to 2∙106 ions-/cm3. But this total efficiency is still lower 
than the filtration efficiency of a F7 class filter alone. 

• Measurements showed a negligible generation of ozone in all experiments. 
• With the same ion concentration, the higher class filters showed higher 

enhanced efficiencies than the lower class filters did. 
• With a constant air velocity, the enhanced efficiency was increased with 

the ion concentration. However, with a constant ion concentration, the 
enhanced efficiency did not always increase with decreasing air velocity. 
According to the measurements, with decreasing air velocities, the 
enhanced efficiency is supposed to increase up to a certain level and then 
decrease when the filtration efficiency is close to 100%. 

• When the enhanced efficiency decreased with increasing air velocity, the 
reduction of the enhanced efficiency was larger for low class filters than 
for high class filters. 

• Ion concentration in the supply air increased to a little extent only, 
compared to the case without ionization. In the test, the downstream ion 
concentration was 0.05% of the upstream ion concentration. 

According to the above findings, some recommendations are obtained for the 
application of ionizer assisted air filtration. 

• An enough high ion concentration is important for the system to obtain an 
obvious increase on the filtration efficiency.  

• With an enough high ion concentration, an F7 class filter assisted with an 
ionizer may reach the filtration efficiency of an F9 class filter alone. 

• G4 class filter is not recommended for the application of ionizer assisted air 
filtration, to replace an F7 class filter alone, unless it works under an 
extremely high ion concentration. 

• M6 class filter is supposed to be a suitable filter assisted with an ionizer to 
possibly replace a single F7 or F8 class filter. 

• The generation of ozone could be negligible with a suitable ionizer and supply 
electricity voltage. 

• For field applications in a ventilation system of DCV or VAV, the increased filtration 
efficiency and downstream ozone concentration should be tested under both the 
minimum and maximum air flow rates. 

Additionally, it is of great interest to measure the long-term performance of 
ionizer assisted air filtration. However, due to limitation of the time available, the 
experiment of the long-term performance study has not been finished yet.   



   

131 

 

10 Conclusions and future research  
To investigate methods to substantially reduce indoor personal exposure to UFPs, 
the thesis was developed in three parts. The first part is a literature study on health 
effects of UFPs, indoor UFPs sources, and common particle removal techniques 
and their applications. The second part is an investigation of the UFP removal 
performance of intermediate air filters available on the Swedish market. The third 
part is dedicated to applications of air filtration, and is focusing on the subjects of 
source specific control, ionizer assisted filtration and two-step air filtration.  

10.1 Summary  
The thesis mainly focuses on investigations around two important questions. 
Firstly, how to describe the filtration efficiency of intermediate air filters for UFPs 
and MPPS-sized particles? To objectively describe the filter performance, 
multiple experiments assisted with simulation studies were conducted. As 
expected, a finding is that the charge of filter fiber and the charge of the challenge 
aerosol greatly influence the shape of the efficiency curve. The relationships 
between EFUFPs, EFMPPS and EF0.4μm (EN779 classification efficiency) were 
investigated, and regression equations between these three expressions of the 
filtration efficiency were estimated. The regression equations provide a simple 
way to make a brief estimation, while for an accurate estimation, individual 
determinations are necessary for each and every filter being tested/ classified. This 
would be necessary if UFPs or MPPS were to be included in future filter 
standards. 

Secondly, motivated to control indoor personal exposure to “harmful” particles, a 
model study was developed to analyze transport and indoor occurrence of 
particles from specific sources. The model forms the basis of a method to find 
suitable air filters and ventilation rates/modes to efficiently remove particles from 
indoor and outdoor sources. Based on a pre-study of the major particle sources in 
a building and in the surrounding environment, the results from model 
calculations can be used to recommend suitable air filters and ventilation 
rates/modes or to predict the existing system performances.  

In addition, two investigations were conducted to contribute regarding how to 
economically and efficiently filtrate “small particles”. One solution is to use two-
step filters instead of single filters. To determine the “right” applications, the 
economical annual cost and filtration efficiency were compared between two-step 
and single-step air filtration. The filter lifetime, filter class, local outdoor particle 
concentration and electricity price differently influence on the economical benefit 
of two-step filtration. Another study was made to investigate how to enhance filter 
efficiency through ionizer assisted air filtration. Laboratory tests and field 
experiments were conducted to provide guidance on the suitable air filters and ion 
concentrations for a certain ventilation rate.  
 

10.2 Specific conclusions 
Corresponding to the research objectives presented in the beginning of the thesis, 
the following specific conclusions can be made. 
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Literature study 

• Up to now, several epidemiological and toxicological studies have shown that 
UFPs generated by combustion (e.g. traffic exhaust, smoking and cooking) are 
probably the most hazardous particles considering their size distribution and 
chemical composition. Since air filtration is the current widest applied 
technique for particle removal, the investigation of air filtration of UFPs from 
the indoor and outdoor combustion sources should be given top priority.  

Intermediate filter efficiency 

• In general, EFMPPS was 10-20% lower than EF0.4μm. Given the particle size 
distributions used in the tests, EFUFPs was close to EF0.4μm for glass fiber filters, 
and lower than EF0.4μm for charged synthetic filters.  

• Linear relationships were found between EFUFPs, EFMPPS and EF0.4μm within 
the observed efficiency range, for both glass fiber and charged synthetic 
filters. The relationships were influenced by the face air velocity and related 
with filter media.  

• Single-fiber efficiency theory is a useful tool to simulate filter size-resolved 
efficiency values. The electrical force has big influence on the shape of the 
efficiency curves of charged synthetic filters. 

• The neutralizer is an important component in the laboratory test of charged 
synthetic filters, while it appears to be of negligible influence in glass fiber 
filter tests. The filtration efficiency obtained when using a non-neutralized oil 
aerosol probably represents the mechanical efficiency of charged synthetic 
fibers when they lose their charge. 

• The full-scale filter experiments showed that the MPPS of glass fiber filters 
decreased with the increase of the air velocity, while the MPPS of charged 
synthetic filters increased with the increase of the air velocity.  

• An increase of the air velocity differently influences the filtration efficiency of 
different filter media. For glass fiber filters, the efficiency values clearly 
decreased with increased air velocity within the UFP size range, while 
particles in the upper end of the measured size range were practically not 
affected at all. However for charged synthetic filters, the efficiency values for 
large particles decreased substantially with velocity, while particles in the 
lower end of the measured size range were practically not affected at all. 

Indoor particle model  

• Outdoor air filtration has significant effects on the removal of particles with 
diameters less than 0.01 μm and larger than 1 μm, while recirculating air 
filtration mainly removes particles within a size range between 0.01 μm and 
1 μm. Additionally, small particles (<0.01 μm) and large particles (>1 μm) 
apparently have a high possibility to deposit on indoor surfaces.  

• Low class filters used for recirculating air filtration probably would prolong 
the time constant of indoor particles compared to the case without air filters 
and no recirculating air. It is better to avoid using a filter less than F7 class in 
recirculating air filtration. 

• The case study shows that the integrated Ci,o/Co and Ci,s/(Si/V) are largest for 
MPPS-sized particles, while they are smallest for PM0.01. Moreover, 
increasing the supply air flow rate and outdoor air percentage, the variation of 
Ci,o/Co and Ci,s/(Si/V) are also largest for MPPS-sized particles and smallest for 



   

133 

 

PM0.01. If no specific particle size is in focus, it appears reasonable to evaluate 
the system performance of air filtration and ventilation to remove indoor 
particles on MPPS curves. 

• The multi-case studies show that when the size of particle peak concentration 
is close to the MPPS of filters, the parameters Ci,o/Co and Ci,s/(Si/V) integrated 
over a diameter range including MPPS would be close to the two parameters 
values on MPPS.  

Two-step air filtration 

• Suitable two-step filtration is not necessarily more expensive than single-step 
filtration. Low class two-step filtration may even cost less than high class 
single-step filtration. For example, among the studied cases, M6+F7 filters 
cost less than a single F9 class filter does per volumetric clean air flow.  

• Reasonably extending the main filter lifetime can reduce the total cost. This 
extension relies on the ambient particle concentration. It is more economical 
to apply two-step filtration in areas with high ambient particle concentration.  

Ionizer assisted air filtration 

• A suitable ionizer system can provide a high ion concentration and emit 
negligible amounts of ozone. Supply electricity voltage is critical to the ion 
generation. 

• Under reasonable operation conditions, an F7 class filter assisted with an 
ionizer may reach the efficiency level of a single F8 or F9 class filter. A G4 
class filter is not recommended for the ionizer assisted air filtration. M6 class 
filter is supposed to be a suitable filter assisted with an ionizer to replace a 
single F7 or F8 class filter. 

10.3 Future work 
According to the work carried out, valuable directions of future work are 
prospected in the following.  

• Alternative methods for de-electrification of charged synthetic filter media 
should be investigated in more detail. 

• An intervention study on efficient removal of traffic related UFPs should be 
carried out in the field. 

• The long term performance of ionizer assisted air filtration should be further 
evaluated, when the short-term experiments are finished.  

• The results of the particle fate model needs to be demonstrated by an 
experimental study. 

• The influence of multi-step filtration on by-products generation should be 
investigated experimentally. By-products generation is hopefully greatly 
decreased by proper design and operation of multi-step filtration under proper 
air temperature and humidity in supply air. 

• Measurements should be carried out in order to establish the pressure drop 
increase of intermediate class filters, as a function of service life and dust load 
under real operating conditions 
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Appendix A 
Measurement uncertainty for filter filtration efficiency 
measurement 
The uncertainty of the measured filtration efficiency, EF, is analyzed in the 
following uncertainty budget. The EF is calculated according to eq. A.1. 

𝐸𝐸𝐸𝐸 = 1 − 𝐶𝐶𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 ,2
(𝐶𝐶𝑢𝑢𝑢𝑢 ,1+𝐶𝐶𝑢𝑢𝑢𝑢 ,3)

2

= 1 − 𝐶𝐶𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝐶𝐶𝑢𝑢𝑢𝑢�����                               (eq. A.1) 

Cdown and Cup are downstream and upstream particle concentration in the testing 
rig. They were taken in the time serial 1, 2 and 3. 𝐶𝐶𝑢𝑢𝑢𝑢����� is the average of Cup,1 and 
Cup,3. The particle concentration was measured by a SMPS 3936, TSI. The 
measurable range of aerosol concentration is from 1 to 108 particles/ cm3.In this 
study, the SMPS measured the particle from 14 nm to 673 nm in 32 channels/ 
decade. The measured uncertainty is calculated using the differentiating eq. A.2. 

∆𝐸𝐸𝐸𝐸
𝐸𝐸𝐸𝐸

= ∆𝐶𝐶𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝐶𝐶𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

− ∆𝐶𝐶𝑢𝑢𝑢𝑢�����

𝐶𝐶𝑢𝑢𝑢𝑢����� = ∆𝐶𝐶𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝐶𝐶𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

− ∆𝐶𝐶𝑢𝑢𝑢𝑢
√2𝐶𝐶𝑢𝑢𝑢𝑢

                            (eq. A.2) 

The above equation could be written as.  

∆𝐸𝐸𝐸𝐸
𝐸𝐸𝐸𝐸

= 𝑃𝑃1 ∗
∆𝐶𝐶𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝐶𝐶𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

+ 𝑃𝑃2 ∗
∆𝐶𝐶𝑢𝑢𝑢𝑢
𝐶𝐶𝑢𝑢𝑢𝑢

                                   (eq. A.3) 

Here, 

𝑃𝑃1 = 1 and 𝑃𝑃2 = − 1
√2

 

The uncertainty of EF is contributed by the uncertainty of particle concentration 
measures due to calibration, reading, operating point, operating conditions and 
conditions of installation. Depending on the type of uncertainty of EF, the above 
equation would be in the following appearances. According to the model of 
BIPM/ISO[13], the uncertainty from one source could be grouped as 
random/estimated uncertainties (type A) and systematic/expected uncertainty 
(type B). Therefore, the eq. A.3 could be developed as follows.  

Type A: 
𝑠𝑠𝐸𝐸𝐸𝐸
𝐸𝐸𝐸𝐸

= �𝑃𝑃1
2 ∗

�𝑠𝑠𝑐𝑐𝑐𝑐𝑐𝑐 2 + 𝑠𝑠𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 2 + 𝑠𝑠𝑜𝑜𝑜𝑜𝑜𝑜 2 + 𝑠𝑠𝑜𝑜𝑜𝑜𝑜𝑜 2 + 𝑠𝑠𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 2�
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

𝐶𝐶𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 2 + 𝑃𝑃2
2 ∗

(𝑠𝑠𝑐𝑐𝑐𝑐𝑐𝑐 2 + 𝑠𝑠 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟
2 + 𝑠𝑠𝑜𝑜𝑜𝑜𝑜𝑜 2 + 𝑠𝑠𝑜𝑜𝑜𝑜𝑜𝑜 2 + 𝑠𝑠𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 2)𝑢𝑢𝑢𝑢

𝐶𝐶𝑢𝑢𝑢𝑢 2  

                                                                              (eq. A.4) 

Type B: 
𝑤𝑤𝐸𝐸𝐹𝐹
𝐸𝐸𝐸𝐸

= �𝑃𝑃1
2 ∗

(𝑤𝑤𝑐𝑐𝑐𝑐𝑐𝑐 2 + 𝑤𝑤𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 2 + 𝑤𝑤𝑜𝑜𝑜𝑜𝑜𝑜 2 + 𝑤𝑤𝑜𝑜𝑜𝑜𝑜𝑜 2 + 𝑤𝑤𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 2)𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝐶𝐶𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 2 + 𝑃𝑃2

2 ∗
(𝑤𝑤𝑐𝑐𝑐𝑐𝑐𝑐 2 + 𝑤𝑤𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 2 + 𝑤𝑤𝑜𝑜𝑜𝑜𝑜𝑜 2 + 𝑤𝑤𝑜𝑜𝑜𝑜𝑜𝑜 2 + 𝑤𝑤𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 2)𝑢𝑢𝑢𝑢

𝐶𝐶𝑢𝑢𝑢𝑢 2  

                                                                              (eq. A.5) 
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Then, the combined uncertainty is presented as, 

𝑢𝑢𝐸𝐸𝐸𝐸
𝐸𝐸𝐸𝐸

= �(𝑠𝑠𝐸𝐸𝐸𝐸
𝐸𝐸𝐸𝐸

)
2 + (𝑤𝑤𝐸𝐸𝐸𝐸

𝐸𝐸𝐸𝐸
)
2                                         (eq. A.6) 

𝑈𝑈𝐸𝐸𝐸𝐸
𝐸𝐸𝐸𝐸

= 𝑘𝑘 ∗ 𝑢𝑢𝐸𝐸𝐸𝐸
𝐸𝐸𝐸𝐸

                                               (eq. A.7) 

where k is a numerical factor. To achieve a confidence level equivalent to 95% for 
this normal distributed random variable, k is assigned as 2.0 according to 
WECC[156] and EAL[36].  

Here, because P2
2 is less than P1

2 and Cdown is smaller than Cup, Cdown contributed 
more uncertainty than Cup does. Since Cdown is closely related with the filter class 
in the test, we take the case of a F9 class filter test of at low face air velocity of 
0.08m/s as an example. This case is considered has the largest uncertainty in the 
experiments. Here, Cdown=94582 pc/cc and Cup= 230000pc/cc. 

Calibration 
Type A: The calibration of the CPC in the SMPS-system was conducted by the 
manufacturer, TSI, through the calibration of sheath flow, orifice pressure drop of 
bypass flow, pressure drop of impactors. The report show extremely small fitting 
errors (<0.3%) in ten repeated samples, so this uncertainty is neglected in the total 
uncertainty calculations. This uncertainty estimation is same for Cdown and Cup.  

Type B: The calibration is made under the same installation and environment 
condition as during the measurements. Furthermore, the same instrument was 
used for both the upstream and downstream measurements. So, the type B 
uncertainty is neglected in this analysis.  

Particle concentration reading 

Type A: The uncertainty for each reading is √𝑁𝑁
𝑁𝑁

. Here, N is the total particle 
number concentration. During the test, we continuously took 5 samples of Cdown 
and 𝐶𝐶𝑢𝑢𝑢𝑢����� respectively. 

𝑠𝑠𝐶𝐶,𝑢𝑢𝑢𝑢

𝐶𝐶𝑢𝑢𝑢𝑢
=
√94582
94582

= 0.21% 

𝑠𝑠𝐶𝐶,𝑢𝑢𝑢𝑢�������

𝐶𝐶𝑢𝑢𝑢𝑢����� =

√230000
√5

230000
= 0.09% 

𝑠𝑠𝐶𝐶,𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

𝐶𝐶𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
=
√94582
94582

= 0.33% 

𝑠𝑠𝐶𝐶,𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑�����������

𝐶𝐶𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑�������� =

√94582
√5

94582
= 0.15% 

Type B: The particle counter solution is 0.1particle /cm3, therefore, 
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𝑤𝑤𝐶𝐶𝐶𝐶

𝐶𝐶𝑢𝑢𝑢𝑢
<

0.1
√5

230000
= 0.000019% ≈ 0 

𝑤𝑤𝐶𝐶𝑑𝑑
𝐶𝐶𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

<

0.1
√5

94582
= 0.000047% ≈ 0 

Operating Point 

The measurement range of SMPS 3936 is from 1 to 108 particles/cm3. Because the 
maximum particle concentration during the experiments was 230 000pc/cc, which 
was much less than 108 particles/cm3, it is reasonable to assume that the particle 
concentration measured by the SMPS follows a linear relationship with the real 
particle concentration. Thus, the operation point uncertainty could be neglected.  

Variations in the operating conditions 

Random variations of air flow rate and particle emission rate could cause random 
variation of the particle concentration. Therefore, to the standard deviation of an 
upstream sample and down sample, the type A uncertainty is as follows,  

𝑠𝑠𝐶𝐶,𝑢𝑢𝑢𝑢

𝐶𝐶𝑢𝑢𝑢𝑢
=

3285
230000

= 1.43% 

𝑠𝑠𝐶𝐶,𝑢𝑢𝑢𝑢�������

𝐶𝐶𝑢𝑢𝑢𝑢����� =

3285
√5

230000
= 0.64% 

𝑠𝑠𝐶𝐶,𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

𝐶𝐶𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
=

1303
94582

= 1.38% 

𝑠𝑠𝐶𝐶,𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑�����������

𝐶𝐶𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑�������� =

1303
√5

94582
= 0.62% 

Type B: no contributions 

Conditions of installation 

Type A: No contributions 

Type B: All possible particle loss on the sample tube added up to the total type B 
component. Because in the experiments, the down- and up-stream sample tube 
were the dedicated Pitot static tubes provided by TSI, the uncertainty due to the 
particle loss on the sample tube could be neglected. 

Budget of uncertainty for the air filtration efficiency measurement 

Uncertainty budget of the air filtration efficiency measurements is given in Table 
A1. The combined uncertainty and total uncertainty were calculated according to 
eq. A.4-A.7. As the above analysis, the uncertainty of other filtration testing cases 
was considered less than the uncertainty in this case. 
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Table A.1 Uncertainty budget for the air filtration efficiency 

Cause of the 
uncertainty 

Propagation 
constant, Pj 

Uncertainty type 
(A) 

Uncertainty 
type (B) 

Calibration 

P1=1 

𝑃𝑃2 = −
1
√2

 

 

- 
- 

Meter reading 

P1=1 

𝑃𝑃2 = −
1
√2

 

 

𝑠𝑠𝐶𝐶,𝑢𝑢𝑢𝑢

𝐶𝐶𝑢𝑢𝑢𝑢
= 0.21% 

𝑠𝑠𝐶𝐶,𝑢𝑢𝑢𝑢�������

𝐶𝐶𝑢𝑢𝑢𝑢����� = 0.09% 

𝑠𝑠𝐶𝐶,𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑�����������

𝐶𝐶𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑�������� = 0.15% 

𝑠𝑠𝐶𝐶,𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

𝐶𝐶𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
= 0.33% 

𝑤𝑤𝐶𝐶𝐶𝐶

𝐶𝐶𝑢𝑢𝑢𝑢
≈ 0 

𝑤𝑤𝐶𝐶𝑑𝑑
𝐶𝐶𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

≈ 0 

 

Operating point 

P1=1 

𝑃𝑃2 = −
1
√2

 
- - 

Operating conditions 

P1=1 

𝑃𝑃2 = −
1
√2

 

𝑠𝑠𝐶𝐶,𝑢𝑢𝑢𝑢

𝐶𝐶𝑢𝑢𝑢𝑢
= 1.43% 

𝑠𝑠𝐶𝐶,𝑢𝑢𝑢𝑢�������

𝐶𝐶𝑢𝑢𝑢𝑢����� = 0.64% 

𝑠𝑠𝐶𝐶,𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

𝐶𝐶𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
= 1.38% 

𝑠𝑠𝐶𝐶,𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑�����������

𝐶𝐶𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑�������� = 0.62% 

- 

Installation 

P1=1 

𝑃𝑃2 = −
1
√2

 
- - 

Combined uncertainties 
of types A and B  

𝑠𝑠𝐸𝐸𝐸𝐸
𝐸𝐸𝐸𝐸

= 2.6% 

𝑠𝑠𝐸𝐸𝐸𝐸����
𝐸𝐸𝐸𝐸����

= 1.1% 
≈ 0 

Combined uncertainty 
of filter efficiency  𝑢𝑢𝐸𝐸𝐸𝐸

𝐸𝐸𝐸𝐸
= 2.6%  𝑢𝑢𝐸𝐸𝐸𝐸����

𝐸𝐸𝐸𝐸����
= 1.1% 

Total uncertainty of 
filter efficiency (k=2)  𝑈𝑈𝐸𝐸𝐸𝐸

𝐸𝐸𝐸𝐸
= 5.1%  𝑈𝑈𝐸𝐸𝐸𝐸����

𝐸𝐸𝐸𝐸����
= 2.1% 
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Appendix B 
Alternative results in Chapter 7 
 

 

Figure A1 Adopted size-resolved number concentration of ambient particles[73] 
and particles emission from incense burning[51]. The size of peak 
concentration of ambient particles is removed from 0.013 μm to 0.1 
μm. The incense is assumed to burn for 1 hour in a room with a 
volume of 30 m3.  
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(a) 

 

(b) 

Figure A2 Integrated Ci,o/Co, Ci,s/(Si/V) in the size range of PM0.01, PM0.1, PM1, 
PM2.5, PM10 and MPPS (0.132μm) at varied outdoor air flow 
percentage with filter class F7. The supply air flow rate is 5 h-1. (a) 
Ci,o/Co; (b) Ci,s/(Si/V). The calculated particles size-distribution is in 
Figure A2. 
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(a) 

 

(b) 

Figure A3 Integrated Ci,o/Co, Ci,s/(Si/V) in the size range of PM0.01, PM0.1, PM1, 
PM2.5, PM10 and MPPS (0.132μm) at with different supply air 
exchange rates and with filter class F7. The outdoor air flow 
percentage is constant at 50%, i.e. kv/( kv+ kc)=50%. (a) Ci,o/Co; (b) 
Ci,s/(Si/V). The calculated particles size-distribution is in Figure A2. 
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(a) 

 

(b) 

Figure A4 Integrated Ci,o/Co, Ci,s/(Si/V) in the size range of PM0.01, PM0.1, PM1, 
PM2.5, PM10 and MPPS (0.132μm) at varied outdoor air flow 
percentage with filter class F5. The supply air flow rate is 5 h-1. (a) 
Ci,o/Co; (b) Ci,s/(Si/V). The calculated particles size-distribution is in 
Figure A2. 
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(a) 

 

(b) 

Figure A5 Integrated Ci,o/Co, Ci,s/(Si/V) in the size range of PM0.01, PM0.1, PM1, 
PM2.5, PM10 and MPPS (0.132μm) at with different supply air 
exchange rates and with filter class F5. The outdoor air flow 
percentage is constant at 50%, i.e. kv/( kv+ kc)=50%. (a) Ci,o/Co; (b) 
Ci,s/(Si/V). The calculated particles size-distribution is in Figure A2. 
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Appendix C 
Alternative results based on the short lifetime comparison 
for Figure 8.7 
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(b) 

Figure A6 Relative clean air flow cost of combined filters compared to single 
filters. (a) Clean air flow for UFPs; (b) Clean air flow for MPPS-sized 
particle. The lifetimes of combined filters are 6 months for per-filter 
and 12 months for main filter. The lifetime of a single filter is 6 
months. 
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