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Abstract 

Public transport by trains in tunnels has been increasing worldwide due to its advantages over roadway 
traffic. It now plays a key role in rapid transit with high daily capacity. However, one environmental 
disadvantage of these train systems is that the concentration of airborne particles in confined tunnel 
spaces may expose commuters and railway employees to unhealthy levels of particulate matter (PM). 
This thesis thus presents the results of research on airborne particles on platforms and inside train 
compartments, focusing mainly on emissions associated with the operation of trains. The data was 
derived from full-scale field measurements in the Arlanda and Citybanan tunnels in Stockholm and on 
trains passing through those tunnels between 2013 and 2017. It was found that emissions related to 
train operation are the major particle sources in the Arlanda tunnel, particularly for fine fractions. For 
the newly built Citybanan tunnel, the major particle sources also appear to be traffic-related, as 
evidenced by the strong association between the increased platform PM levels and the start of traffic 
service. In addition, the train movement factor (train frequency and train stop period) is found to play 
a key role in the variation of platform PM concentrations. It was found that new infrastructure such as 
advanced ventilation systems and platform screen doors (PSD) do not significantly reduce particle 
numbers or mass concentrations. A proposed two-part model makes it possible to distinguish different 
particle emission sources related to train operation, and can be used to study them in more detail.  The 
air quality inside train cabins is greatly affected by the surrounding environments, with PM levels in 
the cabins being markedly higher when travelling in tunnels. Interior ventilation can improve the 
indoor air quality more than new air filters, whose effect is size-related. The levels of exposure to 
airborne particles differ for commuters, train service staff, and train drivers, with train service staff 
being exposed to the highest deposition dose. A brief summary of the contribution of each paper 
appended to this thesis is given below. 
 
Paper A presents the results of full-scale platform measurements in the Arlanda railway tunnel, 
focusing on the contribution of particle sources from the operation of moving trains to the 
concentration and size distribution of particles in the tunnel environment.  

Paper B reports on the measurements of airborne particles on different platforms in the Citybanan 
tunnel. PM levels were investigated and related to factors such as train movement, the age of the 
station system, the station design (two platforms or one platform, and the use of PSDs), and the 
surrounding environment.  

Paper C describes a two-part emission factor model that distinguishes between emissions from 
braking and emissions from rolling sliding contacts such as wheel-rail contacts and from power supply 
systems. 

Paper D deals with on-board measurements on a commuter train running partly in tunnels. Particle 
levels inside one passenger cabin were measured and particle emissions from braking were 
investigated with one sampling inlet placed under the train close to a brake pad.  

Paper E assesses the exposure of passengers, train drivers, and service staff to airborne particles 
inside commuter trains running partly in the Citybanan tunnel. The impact of surrounding 
environments on the PM levels in different carriages was investigated. Some key parameters such as 
interior ventilation modes, filters, and the opening of train doors were directly evaluated in terms of 
their effects on the indoor air quality. Exposure-dose response was estimated for the different groups 
of subjects.  

Paper F describes effective density, a parameter that can be used to compare and calibrate different 
measurement methods and can reflect particle sources for the aerosols in railway tunnels. Two 
different approaches were used to determine the effective density of railway particles based on the 
field measurements conducted with five different types of instruments in the Arlanda tunnel.  

Keywords: Airborne particles, railway, tunnel, PM, particle concentration, particle sources 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

SAMMANFATTNING| V 
 

Sammanfattning 

Antalet resenärer med kollektivtrafik på tåg i järnvägstunnlar har ökat över hela världen, på grund av 
sina fördelar jämfört med landsvägstrafiken. Numera spelar den en nyckelroll för snabba tranporter 
med stor daglig kapacitet. Däremot, finns det en miljömässig nackdel med dessa tågsystem, som är 
koncentrationen av luftburna partiklar i tunnelutrymmena. I dessa utrymmen kan resenärer och 
personal utsättas för hälsofarliga nivåer av luftburna partiklar. Ett ofta använt mått på luftburna 
partiklar är PM10 mätt som massan μg/m3 (mikrogram per kubikmeter) av partiklar med en diameter 
mindre än 10 µm. Denna avhandling presenterar resultat av forskning om luftburna partiklar på 
plattformar och inne i kupperna, med fokus på luftburna partiklar som bildas i samband med driften av 
tåg. Resultaten kommer från fullskaliga fältmätningar i Citybanans och Arlandas tågtunnlar och på tåg 
som passerar genom dessa tunnlar mellan 2013 och 2017. Det visade sig att utsläppen relaterade till 
driften av tåg är den huvudsakliga källan till partiklar i tunneln på Arlanda, särskilt för fina fraktioner. 
För den nybyggda Citybanan är de stora källorna till partikeler också trafikrelaterade, som bevisade 
med den starka kopplingen mellan ökade PM-nivåer och trafikintensiteten. Dessutom visar 
tågrörelsesfaktorn (tågsfrekvens och tågstoppperiod) en nyckelroll i variationen av PM-
koncentrationer.  Resultaten visar också att ny infrastruktur, såsom avancerade ventilationssystem och 
plattformsskärmadörrar (PSD), inte signifikant minskar partikelantal eller PM-koncentrationerna. En 
tvådelad modell gör det möjligt att särskilja olika partikelutsläppskällor relaterade till drift av tåg, och 
kan användas för att utreda dem mer i detalj. Luftkvaliteten inuti tågshytter påverkas starkt av 
omgivande miljöer, där PM-nivåerna i hytterna är markant högre när tågen färdas i tunnlar. 
Kabinventilation kan förbättra luftkvaliteten mer inomhus än nya luftfilter, vars effekt beror på 
partikelstorlek. Exponeringsnivåerna för luftburna partiklar skiljer sig från pendlare, tågpersonal och 
tågförare, där tågpersonal utsätts för högsta deponeringsdos. En kort sammanfattning av bidraget från 
varje deluppsats i denna avhandling ges nedan. 

Papper A presenterar resultaten av plattformmätningarna i Arlandas järnvägstunnel, med fokusen på 
partikelkällans bidrag från driften av tåg till koncentrationen och storleksfördelningen av partiklar i 
tunnelmiljön. 

Papper B rapporterar om mätningarna av luftburna partiklar på olika plattformar i Citybananstunnel. 
PM-nivåer studerades och relaterade till faktorer som tågrörelse, stationens ålder, stationsdesignen (två 
plattformar eller en plattform och användningen av PSD) och omgivningen. 

Papper C presnterar en tvådelad emissionsfaktormodell, som skiljer mellan utsläpp från bromsning 
och utsläpp från kontinerliga kontakter, såsom hjul-räls kontakten och från strömförsörjningssystem. 

Papper D behandlar ombordmätningarna på ett pendeltåg som kör delvis i tunnlar. Partikelnivåerna i 
en passagerarhytt studerades och partikelutsläpp från bromsning undersöktes med ett 
provtagningsinlopp placerat under tåget nära en skivbroms. 

Papper E bedömer exponeringen av passagerare, tågförare och servicepersonal till luftburna partiklar 
i pendeltåg som delvis körs i Citybanans tunnel. Effekterna av omgivande miljöer på PM-nivåerna 
undersöktes i olika vagnar. Några viktiga parametrar, till exempel interiörventilationslägen, filter och 
öppning av tågdörrar, utvärderades i relation till inverkan på kabinluftkvaliteten. Responsen av 
exponeringsdos uppskattades för olika grupperna av peronal och resenärer. 

Papper F utvärderar den effektiva densiteten i järnvägstunnlar, en parameter som kan användas för att 
jämföra och kalibrera olika mätmetoder, och kan spegla partikelkällor för aerosolerna i 
järnvägstunnlar. Två olika metoder användes för att bestämma den effektiva densiteten av partiklar, 
utifrån fältmätningarna utförda med fem olika typer av instrument i Arlandatunneln. 

Nyckelord: luftburna partiklar, järnväg, tunnel, PM,  partikel koncentration, partikel källor 
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Impact of Thesis 

This thesis consists of six studies based on full-scale platform experiments and on-board 
measurements of railway particles. It presents new information that can be used by tunnel designers 
and railway companies to improve tunnel air quality. Given that some of the results relate to the air 
quality in a recently built railway tunnel and underground stations with service starting in 2017, this 
information can be used to improve railway systems regarding their air quality that are currently being 
planned.   
 
For example, the Citybanan tunnel contains two newly built underground stations, Stockholm 
Odenplan and Stockholm City, and one old station, Stockholm Södra. Platform measurements in the 
Citybanan tunnel (see paper B) show that the air quality at the Odenplan station is not significantly 
different from that at the older station if the train frequency is the same. The air quality can, however, 
be substantially improved by reducing the train frequency, as is done at Stockholm City station by 
using two platforms. The design of Stockholm City station offers railway companies an effective 
approach to obtaining a cleaner underground environment.  
 
Other train operation control measures can be used to reduce particulate pollutions since operation 
emissions are known to be the major particle sources. Attempts made so far include the use of PSDs 
and advanced ventilation systems such as those at the Odenplan station. However, the present study 
indicates this infrastructure does not reduce operation emissions. Theoretically, identifying the specific 
contributing sources of particles could facilitate better control measures for each specific source. 
However, this approach is still a great challenge due to a lack of knowledge. Thus paper C describes a 
proposed two-part model to estimate the emission factors of wear particles due to train operation. This 
model is useful for identifying different particle sources, and can be developed to distinguish more 
specific sources based on railway tunnel studies. An alternate approach (demonstrated in paper A) 
used principal component analysis to roughly identify size-resolved sources. The results showed that 
variation of the particles in the fine fraction (100–500 nm) is closely related to the movement of trains. 
However, the ultrafine fraction (>100 nm) remains approximately constant over time and does not 
reduce when the traffic stops overnight. This finding indicates that more active measures are required 
to remove ultrafine particles, for example, using ventilation with high efficiency filters. 
 
It is shown (in paper D and E) that the levels of airborne particles inside train cabins greatly increase 
in tunnels, regardless of the age of the system. The reason may be that particle concentrations in 
tunnels are high due to poor ventilation. Thus, active ventilation is necessary to achieve optimized 
indoor air quality on trains, especially in long tunnels. Paper E shows that interior ventilation 
effectively controls the PM levels inside trains. Changing from old air conditioning filters to new 
filters is also effective, but less so; the improvement occurs mainly on finer particles. Thus it is 
recommended that interior ventilation continue to be used. More advanced ventilation is recommended 
for trains running in polluted tunnels or similar locations. Future studies of the performance of filters 
are required to improve their efficiency. Another surprising result found in paper E is that using the 
tunnel mode of the ventilation system does not improve the indoor air quality in tunnel sections. On 
the contrary, the levels of airborne particles are found to be greatly increased. Therefore, the tunnel 
mode should not be used without further study. As the deposition doses of particles for railway 
employees was found to be higher than for passengers, special measures should be considered for the 
air quality in staff cabins.  
  
Effective density as an important particle parameter is first studied for the particles in a railway tunnel 
based on full-scale field measurements in paper F. The performance of several commonly used aerosol 
instruments such as ELPI+, APS, SMPS, FMPS, and TEOM was investigated by making simultaneous 
measurements. The results provide calibration guides for those instruments when measuring railway 
particles. 
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Outline of Thesis 

This thesis has six chapters. Chapter 1 provides an introduction to airborne particles, the health effects 
of particle exposure, and railway particles, specifically as regards their sources and characteristics 
such as their size and chemical composition, effective density, and emission factors. The chapter 
concludes by presenting research gaps and setting out the objectives of this thesis. Chapter 2 contains 
summaries of the six appended papers, including brief introductions to the methods and main results 
for each paper. Chapter 3 discusses the main findings of the appended papers as regards the airborne 
particles on platforms and inside train cabins, and also evaluates the limitations of these studies. The 
conclusion in Chapter 4 provides answers to the stated research questions on the basis of the results 
obtained from the appended papers. Future work is briefly proposed in Chapter 5. Finally, 
bibliographic references are listed in Chapter 6, which is followed by the research papers.  
 
 
Appended papers 
 
A. On particulate emissions from moving trains in a tunnel environment 

B. Variation of airborne particulate levels in a newly built railway tunnel 

C. Towards a two-part train traffic emission factors model for airborne wear particles  
 
D. Indoor and outdoor measurement of airborne particulates on a commuter train running partly in 
tunnels 
 
E. Factors affecting the exposure of passengers, service staff and train drivers inside trains to airborne 
particles 
 
F. Effective density of airborne particles in a railway tunnel from field measurements of mobility and 
aerodynamic size distributions 
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Abbreviations, Symbols and Terminologies 

APS – Aerodynamic Particle Sizer Spectrometer 
CMB – Chemical Mass Balance 
EDS – Energy Dispersive Spectrometer  
ELPI – Electrical Low Pressure Impactor  
EU – European Union 
FMPS – Fast Mobility Particle Sizer Spectrometer 
GBD – Global Burden of Disease 
IARC – International Agency for Research on Cancer 
ICRP – International Commission on Radiological Protection 
OPS – Optical Particle Sizer 
PCA – Principal Component Analysis 
PIXE – Proton induced X-ray emission  
PM – Particulate Matter 
PM10 – Particulate matter with an aerodynamic diameter smaller than 10 µm 
PM2.5 – Particulate matter with an aerodynamic diameter smaller than 2.5 µm 
PM1 – Particulate matter with an aerodynamic diameter smaller than 1 µm 
PM0.1 – Particulate matter with an aerodynamic diameter smaller than 0.1 µm 
PMF – Positive Matrix Factorisation 
PNC – Particle number concentration 
PSD – Platform screen door 
PSL – Polystyrene latex 
SEM – Scanning Electron Microscopy  
SMPS – Scanning Mobility Particle Sizer 
TEOM – Tapered Element Oscillating Microbalance  
USEPA – United States Environmental Protection Agency 
WHO – World Health Organization 
   
d – diameter 
ρ – density 
   
   
Subscripts 
a – Aerodynamic 
e – Electric mobility equivalent 
l – Light-scattered 
 
Terminologies   

Ballast – Material (usually stones) used to stabilize the rail track 
Catenary – Electrical cable used for transmission of electrical power  
Collector shoe – A train component mounted on the bogies to collect current from third rails to 

the electrical equipment of the trains 
Conductor rail  – A third rail parallel to the two running rails for providing electric power to a 

train  
Pantograph  – Apparatus mounted on top of a train to collect electrical power from a catenary  
Railway tunnel – Underground passageway or corridor dug through surrounding rock for the 

passage of trains 
Sleeper – Material (usually wooden beams) used to provide an elastic foundation for the 

rails 
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1. Introduction 

Railway transport has been increasing worldwide and plays a key role in rapid transit with high daily 
capacity. However, airborne particles are present throughout the railway environments, with 
particularly high concentrations in tunnels. Those particles come from various sources and affect the 
environmental air quality for commuters and railway employees. Over the past decade, stringent 
regulation of exhaust emissions has reduced the emission of particles from road vehicles in most cities 
in Europe and the United States (Amato 2018). However, in some cities, the levels of PM 
concentrations in railway tunnels are even higher than those on roads (Mugica-Álvarez et al. 2012; 
Johansson and Johansson 2003). No regulations have yet been passed to control particle emissions in 
any railway or subway systems. The main aim of this thesis is to provide information on the air quality 
in railway tunnels in order to promote the formulation of control measures by regulators or tunnel 
designers. The studies reported in this thesis investigate particle emission sources associated with train 
operation and examine factors affecting the characteristics of railway particles (e.g., concentration, 
size distribution, effective density, and chemical composition). The studies draw on a series of real-
time station platform and on-board measurements in different railway tunnel environments in 
Stockholm, including the Arlanda  and Odenplan station, which is located inside the Arlanda tunnel 
and Citybanan tunnel, respectively (see Fig. 1). The purpose of this chapter is to provide up-to-date 
knowledge of airborne particles in terms of their fundamental characteristics, air quality guidelines, 
adverse health effects, and to review studies of particles in railway environments and set out the 
objectives of this thesis.  
 

  
Fig. 1. Photo of the Arlanda platform (left) and Odenplan platform (right) inside the Arlanda and 

Citybanan railway tunnels 

1.1 Airborne particles  

Airborne particles are microscopic particles that float in a gas, which is usually air (Hinds 1999). 
There are many kinds of particles in our outdoor and indoor environments, including suspended soil 
particles, traffic-generated particles, and smoke particles emitted from industries, forest fires, wood 
combustion, cooking and cigarettes. There are also particles from sand storms, pollen, sea salt, and 
water droplets. These airborne particles are all examples of atmospheric aerosols. Hinds (1999) 
defined an aerosol as a collection of solid or liquid particles suspended in gas. Therefore, an aerosol 
includes both the particles and the suspending gas. In this thesis, however, the focus will be on 
airborne particles, or particulate matter (PM), a term that refers to either solid particles or liquid 
droplets.  
 
Parameters that are important for characterising the properties of airborne particles include their size, 
concentration, chemical composition, density and morphology.  Among those parameters, particle size 
is the most important parameter for studying the behaviour of airborne particles either in the 
atmosphere or deposited in the human body. All of the properties of particles are size dependent. 
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Particle sizes may differ according to the way they are generated. Most types of particles cover a wide 
size range, from several nanometres to hundreds of micrometres (Hinds 1999). Common terminology 
classifies particles either in terms of size, such as ultrafine (smaller than 100 nm), fine (between 100 
nm and 2.5 µm), and coarse particles (greater than 2.5 µm), or in terms of modes (e.g., nucleation or 
Aitken, accumulation and coarse) (Kumar et al. 2010). Particles can also be classified as respirable, 
thoracic, and inhalable fractions (Fig. 2). Terms such as PM10, PM2.5, and PM1 (particulate matter with 
diameters below the cut-off sizes in µm shown by the subscripts) are also commonly used by 
researchers and regulatory agencies. 
 
In terms of morphology, airborne particles usually present in a variety of non-spherical shapes (e.g., 
flaky, angular, acicular, roughly spherical or agglomerates). Different types of particle diameter are 
used to characterise the sizes of particles when focusing on their behaviour. The mostly commonly 
used diameters for the size measurement of particles are aerodynamic equivalent (da), electrical 
mobility equivalent (de), or light-scattered diameter (dl). da is defined as the diameter of a spherical 
particle of unit density (1 g/cm3) having the same settling velocity as the actual particle, while de is 
defined as the diameter of a spherical particle having the same electrical mobility and the same bulk 
density as the irregular particle in question. Optical instruments measure particle size according to 
their light-scattered diameter, which is related to the intensity of light scattered by the particles. 

 
Fig. 2. Classification of typical types of particles present in our environment and their common size 

ranges 
 
Airborne particles are always present in our environment and the sources vary with different locations. 
Particles of special interest are from workplaces, outdoor air and indoor air. Workplace particles can 
come from workshops (e.g., welding, soldering, grinding, melting and cutting), carpentry, stone 
cutting, construction, spray painting, bakeries, and restaurant kitchens. Outdoor aerosols include 
particle emissions from traffic (e.g., road vehicles, trains, ships and aeroplanes), industries, volcanos, 
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sand storms, forest fires, wood combustion, sea salt spray and pollen. Indoor particles are usually 
connected with human activities, such as cooking, sports, burning candles, vacuum cleaning, smoking, 
dust mites and so on. Generally speaking, those particles can be classified into two groups: particles 
created by human activity and naturally occurring particles. Fig.2 is an updated version of the TSI 
depiction of particle sizes (TSI n.d.).  Traffic wear emissions are based on field measurements and 
laboratory pin-on-disc tests of particles generated from materials of train components (brake pads, 
wheel, rail, third rail, and collector shoe) (Cha et al. 2018a; Nosko et al. 2017; Cha et al. 2016; 
Olofsson 2011).  The traffic wear emissions from railways can be smaller in size than diesel exhaust 
and larger than pollen.  

1.2 Air quality guidelines  

On the basis of a great wealth of scientific data on the effects of exposure to airborne particulate 
matter, health-based guidelines have been put in place to limit the concentrations of such matter, 
particularly PM10 and PM2.5. Standards for air pollutants in ambient air have been developed by the 
World Health Organization (WHO). Regulatory standards have been promulgated by the United States 
Environmental Protection Agency (USEPA) and the European Union (EU), in terms of threshold 
values (Table 1). According to WHO, over 90 % of the world’s population live in places where the air 
quality is poorer than the limits set by WHO guidelines. Underground subway stations are among the 
places where the PM levels frequently exceed the limits.  
 

Table 1. Threshold limits of PM10 and PM2.5 exposure set by WHO, EU, and USEPA 

 PM10 (µg/m3) PM2.5 (µg/m3) 
 24-h mean Annual mean 24-h mean Annual mean 
WHO a 50 20 25 10 
EU b 50 d 40 -- 25 
USEPA c 150 e -- 35 12 (primary), 15 (secondary) 
 
a from air quality guidelines: Global Update 2005 (WHO 2006) 
b from air quality standards: Directive 2008 (European Commision 2008) 
c from air quality standards: Criteria 2012 (U.S. EPA 2014) 
d with 35 permitted exceedances per year 
e Not to be exceeded more than once per year on average over 3 years 

1.3 Impact on human health 

The scientific community has long been aware that air pollution is associated with respiratory diseases 
and increased mortality (Wichmann et al. 2000; Arden Pope 1989; Logan 1953). In recent decades, 
toxicological, epidemiological and clinical studies have linked exposure to air pollution, and especially 
to PM, with a wide variety of adverse health effects including respiratory, pulmonary and 
cardiovascular diseases (Thurston et al. 2017; Dominici et al. 2006; Delfino et al. 2005; Campbell 
2004; Pope et al. 2004). Progress in methodology has shown that air pollutants can affect human 
organs in ways that lead to lung cancer, neurodegenerative diseases, poor maternal and birth 
outcomes, and cognitive impairment (Amato 2018; Thurston et al. 2017). Particulate matter, as an 
important component of air pollution, was recently ranked as the sixth leading risk factor worldwide as 
reported by the Global Burden of Disease (GBD 2015 Risk Factors Collaborators 2016). Evidence of 
the association between PM exposure and lung cancer  has led the International Agency for Research 
on Cancer to classify outdoor PM as carcinogenic to humans (IARC, 2013). According to the 
information released by WHO, 4.2 million deaths every year can be attributed to air pollution. 
 
These health outcomes are commonly determined based on PM exposure analysis, for the dose, that is, 
the fractions that are inhaled and subsequently deposited in the body, is thought to play a key role 
(Russell, A. Brunekreef 2009; Löndahl et al. 2007). The exposure-dose response in the respiratory 
system can serve as a proxy parameter for interpreting the health effects of PM (Jaques and Kim 
2000). However, lungs are complicated, and the deposition dose of inhaled PM in lungs differs in 
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different respiratory regions depending on both deposition fractions and particle properties (Löndahl et 
al. 2007). According to the International Commission on Radiological Protection (ICRP) model (ICRP 
1994), which is a well-established method of dosimetry assessment, the respiratory system is divided 
into three major regions: head airways (extrathoracic or nasopharyngeal region), lung airways 
(tracheobronchial region), and alveolar region (pulmonary region). Those respiratory regions can 
receive inhaled particles with different size fractions. As shown in Fig. 3, large particles with an 
aerodynamic diameter of 2.5–10 µm are deposited mainly in the upper respiratory tract and large 
conducting airways. Fine particles with an aerodynamic diameter of 0.1–2.5 µm exist throughout the 
respiratory tract, particularly in small airways and alveoli. Ultrafine fractions PM0.1 (PM smaller than 
0.1 µm) can be deposited in the alveolar region (Guarnieri and Balmes 2014). The deposition of 
ultrafine PM is of the most concern due to their long residence time in human body. A recent study 
shows that inhaled nanoparticles were still detected 3 months after exposure (Miller et al. 2017). The 
same study also found that inhaled nanoparticles translocated into the systemic circulation and 
accumulated at sites of vascular inflammation.  

 
Fig. 3. Compartmental deposition of PM (Guarnieri and Balmes 2014) 

1.4 Particles in railway environments 

Traffic and power generation related emissions are the main sources of urban air pollution. Stringent 
regulations limiting exhaust emissions from road vehicles have resulted in a general decrease in air 
pollution from road traffic over the last decade. During the same period, the use of rail transport has 
dramatically increased worldwide because it is more environmentally friendly, convenient and safe, 
while also offering greater carrying capacity at a higher speed. Concern about the air quality of 
railway environments has emerged now that a large number of people worldwide are exposed to such 
environments. Evidence indicates that in many cities air pollution in railway environments, in 
particular in confined spaces such as tunnel sections and underground railways, is more serious than 
air pollution in an above-ground urban environment (Kim et al. 2012; Mugica-Álvarez et al. 2012; 
Querol et al. 2012; Nieuwenhuijsen et al. 2007; Branǐ 2006; Johansson and Johansson 2003). The 
particles released by train operation (referred to as railway particles hereafter) are substantially 
different from outdoor PM in terms of their concentration, size, density, and chemical composition, 
but are like outdoor PM as regards their health effects. Because railway particles usually contain metal 
elements, their toxicity and impact on human health are of particular concern (Salma et al. 2009; 
Bigert et al. 2008). Their oxidative potential is regarded as higher than that of outdoor PM and 
roadway traffic sites (Janssen et al. 2014; Karlsson et al. 2008). Although it has not yet been 
determined whether railway particles are more genotoxic than atmospheric PM, it is important to 
understand these pollutants in order to promote a healthy railway environment for both commuters and 
railway staff. It is instructive to overview the available knowledge about railway particles in terms of 
their sources and characteristics.  
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1.4.1 Particle sources 
Unlike background particles in the air, railway particles have a specific nature, especially in confined 
tunnel spaces where they easily accumulate and the influence of outdoor particles is limited. The most 
characteristic feature of railway particles is their metalliferous character, with iron-containing particles 
being dominant (Cha et al. 2018a; Gustafsson et al. 2012, 2016; Cusack et al. 2015; Loxham et al. 
2013; Mugica-Álvarez et al. 2012; Querol et al. 2012; Kam et al. 2011; Salma et al. 2009; Seaton et al. 
2005). This is because railway components such as rails, wheels, brake pads, and electric current 
supply systems are a major source of railway particles. However, a wide range of other sources also 
contribute to the total levels of railway particles. Those sources vary depending on locations and 
surrounding environments.  
 
There is very little published information (Park et al. 2012, 2014) giving quantitative data about the 
contribution of each source to total railway PM. One possible reason for this is the high cost of 
collecting enough particles for chemical analysis: specific instruments are required and the 
measurements have to be taken day and night over long periods. Moreover the sources vary from city 
to city and from station to station, and even in the same station at different times. In general, the 
following groups of sources are the major contributors to railway particles: 
 

• Non-exhaust emissions related to train operation (also called operation emissions): material 
losses from railway components such as wheels, rails, brakes, the electric power supply 
system, wooden sleepers, and rock ballast 

• Train exhaust emissions: diesel exhaust 
• Resuspension of existing particles due to train piston effects, ventilation systems or moving 

passengers 
• Construction-related particles: particles generated by activities such as rail cutting and 

welding, tunnelling, maintenance on platforms 
• Passenger-induced particles: particles produced by food, drink and smoking or carried on 

shoes, clothing, hair, etc. 
• Outdoor particles transferring through ventilation systems or natural airflow: urban 

background and road transport particles 
 
Since this thesis focuses mainly on particles released during train operation, the emission mechanisms 
of those particles are of special interest. According to a study in Switzerland on the release of hazards 
by railways (Burkhardt et al. 2008), material losses from railway components due to friction and wear 
processes are regarded as the leading cause of emissions. The material losses amount to about 2270 
tonnes of metals and 1357 tonnes of hydrocarbons per year from the Swiss Railways network. Among 
those emitted substances, brake materials account for 1912 tonnes and are the main source of train 
operation emissions, followed by rails (550 tonnes), wheels (124 tonnes), and contact lines (38 
tonnes). Laboratory tests using pin-on-disc experiments have proved that friction and wear in sliding 
contacts, such as between brake block and brake pad, between wheel and rail, between conductor rail 
and collector shoe, and between pantograph and catenary, can generate abundant airborne particles 
(Cha et al. 2016; Liu et al. 2016; Abbasi et al. 2012; Olofsson 2011; Sundh et al. 2009). It is indicated 
that different wear modes can be related to particle emissions. For example, abrasive and adhesive 
wear are dominant in brake wear. For wheel-rail contacts, fatigue and delamination modes were 
noticed in addition to adhesion wear (Abbasi et al. 2012; Sundh et al. 2009). The size and chemical 
compositions of particles have also been determined through field measurements (Cha et al. 2018a; 
Abbasi et al. 2011). Although only sliding contacts are considered in pin-on-disc simulations, the 
rolling-sliding contact between wheel and rail can also contribute to particle emissions. This is 
because wear of material due to repeated rolling contact between wheel and rail is inevitable, and a 
certain amount of the lost material is emitted as particles. However, there is less direct experimental 
data on particle emissions from rolling contacts.  
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1.4.2 Particle characterisations 
Key parameters used to characterise particles include their size, concentration, chemical composition, 
density and shape. The characterisation of railway particles is no exception. With regard to particle 
size, most studies describe railway particles in the PM10 and PM2.5 range (Cartenì et al. 2015; Park et 
al. 2012; Kam et al. 2011; Raut et al. 2009; Aarnio et al. 2005; Seaton et al. 2005). Some report PM1 
(Kwon et al. 2015; Moreno et al. 2014; Son et al. 2014; Querol et al. 2012). Some studies based on 
field measurements indicate that railway particles cover a wide size ranges from nanometres to 
micrometres (Cha et al. 2018a; Gustafsson et al. 2016; Midander et al. 2012). Although information on 
a comprehensive size range of railway particles is relatively scarce, scaled laboratory tests have shown 
that railway particles can be of even wider size ranges. For example, the wear process of brake 
materials used for trains can generate particles with sizes as small as 1.3 nm and as large as 20 µm 
(Nosko et al. 2017; Olofsson 2011). The generation mechanism of the nanoparticles is usually 
temperature related (Nosko et al. 2017; Cha et al. 2016). Particles generated from the wear processes 
of railway components are usually not perfectly spherical. They may be flaky, angular, acicular or 
roughly spherical. Most of the particles are in the form of agglomerates. Fig. 4 shows examples of 
SEM images of railway particles collected in the Arlanda tunnel.  The single particle in the left panel 
is around 30 nm in diameter, and the particle in the right panel shows a form of agglomerate with a 
diameter of 200 nm. 
 
Much attention has been paid to the chemical composition of railway particles, which differs from that 
of outdoor PM. Railway particles are usually highly ferruginous, and the most abundant particles are 
Fe-abundant (Moreno et al. 2015). This is because the source of most railway particles is the motion of 
trains, which involves wear processes between the rail, wheel, brake and third rail system or catenary 
system. In addition to Fe, other elements that are commonly used in the production of rails and train 
components are also usually detected, including Cr, Mn, Ni, Cu, Zn, Mo, Ba, Ca, Si, and K.  
 

 
Fig. 4. SEM images of railway particles collected on filters with cut-off sizes of 30 nm (left) and 200 

nm (right) 

1.4.3 Effective density  
Another important character of airborne particles is their effective density ρ. The effective density, 
also called apparent density, is a quantity that reflects important physiochemical properties of particles 
(e.g., their bulk density, chemical composition, particle shape factor and porosity). It serves as a link 
between different characteristics of a particle or a population of particles depending on the definition. 
There are several definitions of effective density, resulting in different values for a given particle  
(DeCarlo et al. 2004). The most commonly used definition is the ratio of mass to apparent volume of 
the particle, assuming a spherical shape with a diameter equal to the measured mobility size. In this 
case, the effective density is a link between the mass and the apparent volume of the particle. For most 
commercial aerosol instruments, such as the optical particle sizer (OPS), electrical low pressure 
impactor (ELPI+), aerodynamic particle sizer spectrometer (APS), fast mobility particle sizer 
spectrometer (FMPS) and scanning mobility particle sizer (SMPS), the reported mass concentrations 
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are converted from the measured number concentrations using an effective density. In general, a unit 
density is assumed either due to a lack of knowledge of the true effective density or for the sake of 
simplicity (Leskinen et al. 2014; Rissler et al. 2014). Effective density can also be defined as the ratio 
of the bulk particle density to the shape factor, or it can be calculated by the relationship between the 
simultaneously measured aerodynamic particle diameter and mobility equivalent diameter. Accurate 
estimation of the effective density is crucial to assess the interaction of particles with the surrounding 
environment and their deposition in the human respiratory system (Ristimäki et al. 2002).  
 
Railway particles are a complex mixture of particles from the outdoors, train operation emissions, 
resuspension dust, and passenger-induced particles. Thus the properties of railway particles, including 
their effective density, can be quite different from those of other types of particles. However, there is 
no published data on the effective density of railway particles. When such information is required for 
the evaluation of mass concentration, it is assumed or simply estimated to be 4–5 g/cm3 in some 
studies based on the metallicity of railway PM (Cha et al. 2018b; Fridell et al. 2010).  When 
investigating deposition of subway particles in the human respiratory tract, a density of 2–3 g/cm3 was 
used based on an estimation of the chemical composition of the aerosols (Martins et al. 2015a).  

1.4.4 Emission factors 
An emission factor can be defined as the mass (or number) of a pollutant (e.g. airborne particles) 
released per unit time or per unit distance travelled (Jones and Harrison 2006). It can also refer to the 
functional relation between a pollutant and the activity (e.g. fuel combustion, rolling contact between 
wheel and road, and braking) that causes the pollutant emission. Emission factors play key roles in 
estimates of the contribution of specific pollutants to surrounding environments. They have been well 
documented for roadway particles from field measurements (Franco et al. 2013; Pant and Harrison 
2013; Johansson et al. 2009).  
 
Very few studies have addressed the emission factors of particles in a railway environment 
(Gustafsson et al. 2012; Fridell et al. 2010; Johansson 2005). Gustafsson et al. (2012) found a linear 
relationship between railway platform PM10 values and train frequency number. The slope of the line 
was regarded as the apparent emission factor reflecting the total increased PM10 level per train 
movement frequency. Another method of roughly estimating the emission factors of train operation 
generated emissions is based on the weight of material losses per train per unit distance travelled 
(Johansson 2005). This method would be subject to large errors as the fraction of the material 
becoming airborne is not equal to the total material losses. Alternatively, emission factors of railway 
PM can be estimated by field studies in tunnels. Tunnel studies of the emission factors for road traffic 
have been widely adopted due to their known boundary parameters and the limited influence from 
other atmosphere particle sources. Tunnel studies can also be considered an effective method for 
estimating the emission factors of particles generated from the motion of trains. For example, Erik 
Fridell et al. (2010) estimated the emission factors of PM10 at the exit of a railway tunnel by summing 
the product of PM10 concentration and the airflow and then multiplying by the tunnel area.  
 
Although the impact of railway particles on the ambient environment is expected to be less than that of 
roadway traffic emissions, the contribution of those particles in railway environments, where more and 
more commuters spend their commuting time, can be high. Hence, studies on the emission factors of 
railway particles related to train operations are of particular interest for further understanding the air 
quality in railway environments. Given the scarcity of published literature on emission factors of 
railway PM, further studies are necessary to establish a comprehensive knowledge base as regards 
particle emission factors for railway trains.  

1.4.5 Research gaps  
A great many publications have investigated railway particles in different cities worldwide. Key 
parameters that have been examined include their mass and number concentration, size distribution, 
chemical composition, morphology, toxicity, and sources. However, certain research gaps still exist, 
some of which are identified below: 
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• Previous publications have shown that the level of airborne particles on platforms is affected 
by train frequency. However, investigation of the contribution of moving trains to the total 
railway PM is lacking in terms of their contributions to particle sizes, concentrations, and 
chemical composition.  

• Although it has been suggested that platform air quality can be influenced by factors such as 
tunnel and station structures, system age, ventilation system, train frequency and operation, 
and outdoor air, there are few published studies based on field measurements. In particular, 
studies investigating the airborne particles contributed by the operation of trains in a new 
system are very rare, and little research directly shows the contribution of the motion of trains 
to railway PM. 

• Very little is known about the emission factors of particles generated by rail traffic operation. 
There is no published document on the investigation of emission factors distinguishing 
different railway particle sources (such as emissions from brake contact, wheel-rail contact, 
and electric current supply systems).  

• Published information on the air quality inside train cabins is limited and chemical 
characterisation of the particles inside trains is rare. There is very little research on factors 
affecting inside train air quality such as interior ventilation, air conditioning filters, the 
surrounding environment, and the use of PSDs on platforms.  

• Effective density, an important characteristic of a particle or a population of particles, has not 
been estimated for railway particles.  

• Information is lacking on comparing measurement results of railway particles using different 
instruments. 

• Although great progress has been made in the investigation of particle sources in railway 
environments, knowledge of the exact contributors and their contributing fractions in 
quantitative data are still lacking. Longer-term measurement campaigns are required to obtain 
enough data about both inorganic and organic components to be able to draw a comprehensive 
picture of the sources of railway particles. Such studies would involve chemical receptor 
models or statistical models such as chemical mass balance (CMB) and positive matrix 
factorisation (PMF). 

• Few field studies have measured a range of railway particle sizes extending to nanoparticles as 
small as 1 nm. However, wear particles of sizes 1.3–4.4 nm have been reported from 
laboratory tests of the wear process of railway brake materials. 

• There is little literature on exposure and dose deposition assessment of railway particles for 
commuters and railway employees.  

1.5 Objectives and research questions 

In this thesis, the author attempts to address the research gaps listed above, with an emphasis on the 
particle emissions due to the train operation. Railway tunnels were selected as the main measurement 
sites for both on-platform and inside train monitoring. A railway tunnel can be interpreted as a scaled-
down version of an underground or subway space, and thus tunnel studies have similar advantages to 
subway environments when it comes to the investigation of railway particles. Particles released by the 
motion of trains accumulate in the confined tunnel space, making it possible to evaluate the particle 
contribution from train operation. Moreover, tunnel studies have an advantage over subway studies in 
terms of estimates of emission factors given the known boundary parameters of a tunnel. 
 
Six research questions are formulated below. The main objective of this thesis is to seek answers to 
those questions. Note that they are not listed in order of priority.    
 

1. How are the concentration and size of airborne particles on railway platforms affected by the 
operation of individual moving trains in tunnels?  

2. How do factors such as the surrounding environment, system age (new vs. old), station design 
(one platform or two, and the use of PSDs), and train movement factor (train frequency and 
train stop period) affect the variation of PM levels on railway platforms?   
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3. What are the emission factors of railway particles? Is it possible to build a model to estimate 
the emission factors of train wear particles from field measurements in tunnels to distinguish 
between brake emissions and emissions from other sources such as rolling and sliding in the 
wheel-rail contact and in the electrical supply system?   

4. How are particle levels inside train cabins affected by the motion of trains, interior ventilation 
modes and filters, and surrounding environments such as tunnel air and platform environments 
that use PSDs?  

5. What is the dose-exposure of commuters and railway employees to railway particles?  

6. What is the effective density of railway particles and how does it vary with different 
determination methods?  
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2. Summary of Appended Papers  

This thesis consists of six studies (papers A–F) based on platform measurements in railway tunnels in 
Stockholm, Sweden. Most of the measurements were conducted in the Arlanda tunnel and the 
Citybanan tunnel. On-board measurements were made inside trains passing through those tunnels 
between 2013 and 2017. An overview of the methodology and major findings of each paper is 
presented in this section.  
 
The main purpose of the research reported in paper A was to investigate the contribution of moving 
trains to the total airborne particles on railway platforms in a tunnel environment in terms of particle 
concentration and size distribution. Intensive measurements were taken on the Arlanda Central 
(Arlanda C) station platform, which is located inside the Arlanda tunnel, over a 24 h period in January 
2013. Real-time measurements were made using an ELPI+ and an FMPS. The ELPI+ measures 
particles between 6 nm and 10 µm in aerodynamic diameter in 14 size-resolved channels and enables 
the collection of particles on embedded filters in each channel for chemical analysis. The FMPS 
measures small particles of between 6.04 and 523.3 nm mobility diameter in up to 32 size-separated 
channels. The traffic passing through the Arlanda tunnel was a mix of five different types of electric 
trains: X2, X40, X60, X50-55, and RC locomotive-driven trains. All of these trains used disc brakes 
combined with electric braking, except for the RC locomotive which did not use electric braking but 
instead combined disc brakes and block brakes. The actual arrival and departure time of each train that 
either stopped at or passed through the station was registered. Results show that the particle levels on 
the platform were strongly related to traffic operation (with 140 µg/m3 of PM10 and 9.7 × 103 #/cm3 of 
particle number concentration being detected during traffic operation, and 10 µg/m3 of PM10 and 2 
×103 #/cm3 of number during inoperative periods). Individual trains stopping and starting at the 
platform substantially elevate particulate concentrations with a mobility diameter greater than 100 nm. 
Fine particles with a size mode of 170 nm were predominant during the operational period of most 
trains. However, the contributions to particle size differ with different types of trains. An RC train 
contributes more ultrafine particles than other trains, probably because of the different type of brakes 
used. Principal component analysis combined with chemical components in different size modes 
indicate that fine particles (100–500 nm) are generated directly by railway-related mechanical wear. 
The variation of coarse fractions (0.5–10 µm) is associated more with re-suspensions induced by the 
movements of trains.  
 
Paper A showed a strong relationship between train movements and particle concentrations on the 
platform in Arlanda tunnel. This finding suggests that a further interpretation of the operation 
emissions relating to particle sources can be obtained by evaluating the influence of the train 
movement factor on variations in particle levels. In paper B, two aspects were considered to represent 
the train movement factor, namely train frequency and train stop period (or door open period). To 
investigate the influence of the train movement factor, a series of platform measurements were 
conducted in the Citybanan railway tunnel. This tunnel is newly built for commuter trains and first 
opened for public traffic on 10 July 2017. It includes two new stations (Stockholm Odenplan and 
Stockholm City, equipped with PSDs) and one old station (Stockholm Södra, without PSDs). The 
number of commuter trains stopping at the Odenplan and Södra station was the same, while half the 
number stopped at the City station. This difference arose because there are two platforms at the City 
station to separate southbound and northbound trains and passengers, while only one central platform 
is used for the other stations. In addition to train movement factor, other factors such as system age 
(new system vs. old system) and station design (one platform vs. two platforms, and the use of PSDs) 
are also investigated in terms of their influence on the levels of airborne particles in the new systems. 
Comparing the particle levels on the Odenplan platform before and after its opening for traffic enables 
an overall estimate of the particles contributed by the daily operation of the system. Instruments used 
for this study included two OPSs, four Lighthouse handheld particle counters, one Nanoscan SMPS, 
two Mini-WRAS from Grimm, and one ELPI+. The performance of those instruments was compared 
and the reported PM values were calibrated based on a reference measurement. More details on the 
method can be found in the appended paper. The results show that the operation of the traffic 
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substantially increased the particle concentrations from 12 to 120 µg/m3 for PM10 and from 2 to 30 
µg/m3 for PM2.5 after one week of operation. The levels increased again to 175 µg/m3 for PM10 and 35 
µg/m3 for PM2.5 after 3 months. Those increases can be attributed to the train movement factor. 
Specifically, it was found that the PM levels increased significantly with increased train frequency. 
Remarkable increases in the number of particles, especially large particles (0.3–10 µm), were observed 
when the PSDs opened. Compared to the train movement factor, it seems that the influence of system 
age is smaller. This is indicated by the similar particle levels at Odenplan station (new) and Södra 
station (old), where the train frequency is the same. However, the platform air quality in the City 
station was found to be much better than in the Odenplan station, a finding that can largely be 
attributed to the lower train frequency and lower number of passengers due to the use of two separate 
platforms.  
 
The aim of the research reported in paper C was to propose a model to estimate the emission factors of 
wear particles due to the motion of trains.  This model includes two terms to represent the different 
sources of train operation emissions, namely, a brake effect term (relying on the number of operations, 
such as the  brake disc and brake pad contact), and an accumulative effect term (relying on operation 
distance such as wheel-rail contact and overhead catenary system sliding contact). The experimental 
data used to build the model was partly extracted from the same field measurements presented in paper 
B, but also drew on tests done before the start of ordinary traffic operation. The pre-measurement was 
conducted on 28 June in 2017 to obtain the brake effect term. During the pre-measurement, a test train 
travelled back and forth at Odenplan station at a low speed (less than 20 km/h). The total travel 
distance was roughly two train lengths before the train started braking as the driver cabin arrived at 
one end of the platform. The test train frequency was high and ordinary traffic had not started at that 
time. The brake effect term can be investigated using data from this pre-measurement. The effect of 
the accumulative term can be obtained by subtracting the brake term from the ordinary traffic test data. 
All of the test data was based on the OPS measurements. The results show that the high frequency 
operation of the trial train clearly increases the particle concentrations on the platform. The model 
result showed that the particle emission due to train braking account for about 50 % of the total 
operation emissions when there is ordinary traffic. PM values obtained from the two-part model were 
validated with the measured data, and good agreement was shown between them. This primary test 
proves that it is feasible to separate different particle sources by evaluating the emission factors. 
Future studies are required to continue with the development of the emission factor model.   
 
Exposure to railway particles occurs both on platforms and inside train compartments. However, even 
less is known about airborne particles inside trains than on platforms. Paper D was intended to 
investigate the level of PM concentrations inside passenger cabins, with the main focus on the 
influence of surrounding environments such as tunnel air and busy road traffic sites. On-board 
measurements were carried out on a commuter train passing through four different tunnels between 
Älvsjö and Uppsala Centre in 2013. Two OPS devices and one Nanoscan SMPS were used to 
simultaneously measure the PM levels, with one sampling inlet close to a passenger’s breathing zone 
inside the train and the other under the train to capture particle emissions during braking. The results 
show significant increases in particle concentrations when the train was running in tunnel sections, 
particularly for longer tunnels. Differences in the size distributions of micro- and nano-sized 
particulates could be identified for different tunnels. During door-open periods, a slight increase was 
observed in the number concentration inside the train. The particle concentration under the train 
significantly increased during braking periods. This finding supports the common knowledge that train 
braking is an important source of operational emissions of railway particles. In terms of particles 
inside train cabins, further studies are necessary for a more comprehensive understanding of factors 
affecting the exposure to railway PM.    
 
Paper E represents a continuation of the study reported in paper D. The aim of paper E was to 
investigate the air quality inside train cabins and examine key factors affecting PM concentrations 
inside different cabins based on direct on-board measurements. Factors examined include the use of 
normal interior ventilation (train air being exchanged with fresh outdoor air), tunnel mode ventilation 
(designed to avoid using outside air when the train is inside tunnels – the air is re-circulated within the 
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cabin without taking in air from outside), changing old filters for new ones, the surrounding 
environment, and the opening of train doors. The measurements were performed on board commuter 
trains in 2016 and 2017. In 2016 measurements were made between Uppsala Centre and Stockholm 
City. The 2017 measurement was between Solna and Älvsjö, covering the newly built Citybanan 
tunnel. The instruments used in this study included Lighthouse handheld particle counters, OPS 
devices, Mini-WRAS, and a Nanoscan SMPS spectrometer. Samplings were done in the cabins for 
passengers, train drivers and service staff.  Dose-exposure assessments for those subjects were 
performed. More details about the methodology and instruments can be found in the appended paper. 
The results show that interior ventilation plays a key role in maintaining cleaner in-train air. 
Specifically, sharp reductions in the PM levels were detected when ventilation was in use compared to 
the case with ventilation turned off. However, the tunnel mode of ventilation is not recommended 
without further study as our results showed an increase in the PM concentrations when this was in use. 
It was found that the use of new filters can slightly reduce PM levels, especially for smaller size 
fractions. Noticeable increases in PM10 and PM2.5 levels were observed for all of the measured cabins 
when the train was running in tunnels, even for the newly opened Citybanan tunnel. However, the 
impact of the surrounding environment (either tunnel air or the platform environment) was found to be 
different in different cabins. One of the factors responsible for this difference is what happens when 
the train stops at underground stations. Increased PM levels, particularly coarse size fractions, were 
clearly observed in the cabins when the train door opened. The door to the driver cabin does not open 
at stations and seems to act as a filter to reduce the transportation of coarse particles into the train. 
Consequently a much lower PM10 level was detected in the driver cabin than in the other cabins. The 
highest PM exposure occurred in the passenger cabin, followed by the service staff cabin, while the 
driver had the lowest exposure. However, the highest deposition dose occurs for the service staff and 
the lowest for commuters. 
 
When characterising airborne particles, effective density is an important parameter in addition to 
common characteristics such as particle size, concentration, chemical composition, shape and 
morphology. Effective density can be used as a proxy parameter reflecting the source of particles and 
serves as an important parameter when comparing and calibrating different aerosol measurements. In 
paper F, the effective density of railway particles was investigated using two different methods based 
on platform measurements over two weeks in 2013 using a TEOM, an APS, an ELPI+, a FMPS, and a 
SMPS. Method one defined the effective density as the ratio of mass concentration to apparent volume 
size distribution. Method two relied on a comparison of the aerodynamic and mobility diameter size 
distribution measurements. The aerodynamic size range for method one was 0.006–10 μm, and for 
method two the size range depended on the detection limit of the FMPS or the SMPS. Using the first 
method, a diurnal average value of about 1.87 g/cm3 was observed for measurements with TEOM in 
tandem with APS + SMPS, and 1.2 g/cm3 for the combination of TEOM with ELPI+ in the presence 
of traffic. With method two, the effective density was 1.45 g/cm3 estimated from the size distribution 
measurements with ELPI+ and FMPS, and 1.35 g/cm3 from ELPI+ in tandem with SMPS. With both 
calculation methods, the effective density varied for conditions with and without traffic, indicating 
different sources of particles in the two cases. The proportion of particles with small sizes (10–660 
nm) had a significant effect on the value of the effective density when no traffic was operating, as 
shown in Fig. 5. The obtained average effective density of railway particles is higher than previously 
reported values for ambient aerosol and near-traffic urban environments, indicating higher 
concentrations of inorganic content in railway particles, which agrees with the list of element 
components determined by chemical analysis. The responses of different instruments to the particles in 
railway environments were compared with the help of the effective density. This comparison can play 
a key role in the calibration of number-based instruments using gravimetric methods and can guide 
other studies measuring particles in railway tunnel environments in terms of the response of different 
instruments.  
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Fig. 5. Hourly average effective density evaluated from the measurements by TEOM with APS+SMPS 
(black), and the proportion of small particles (10–660 nm) in volume concentration (µm3/cm3) 
measured with the SMPS to the total particle volume concentrations in the sizes of 0.01–10 µm with 
APS+SMPS (red line). Grey bars represent the period without traffic operation between 00:00–06:00 
each day. 
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3. Discussion  

This thesis investigated airborne particles in railway tunnel environments based on intensive platform 
measurements and on-board measurements considering various factors, particularly those related to 
train operation, affecting particle levels on platforms and inside train cabins. Major findings will be 
discussed in this section and the limitations in this thesis will be evaluated.  

3.1 Airborne particles on platforms  

In the stationary studies on railway platforms in tunnels, the levels of PM concentration varied at 
different stations and also varied with time at the same locations. In the presence of ordinary train 
traffic, the average PM levels in underground stations, as summarized in Table 2, exceeded the EU 
limits of 50 µg/m3 for 24 h average of PM10 and 25 µg/m3 for annual average of PM2.5 in ambient air. 
Stockholm City station is an exceptional case, where the PM10 was slightly higher than the limit value 
and the PM2.5 was under the threshold value. In general, the railway PM concentrations were much 
higher for stations located underground in a tunnel than for above-ground stations. It has been 
commonly reported that tunnel microenvironments provide substantially higher exposure to airborne 
particles than above-ground environments (Strak et al. 2011; Wang and Oliver Gao 2011). This is 
because the tunnel turns the railway environment into a confined space, resulting in higher PM 
concentrations either generated internally by the movement of trains and passengers or transferred 
from outdoors.  
 
Factors affecting the platform particle levels are complex. They can be classified into three groups: 
 

I. Train operation related factors, including the start of traffic operation, train movement factor 
(train frequency and stop time), types of train stopped or passing by, the materials of rail 
tracks, train wheels, brake pads and power supply systems, as well as the geometry of rail 
tracks (such as curved, or straight, sloped or level).  

II. Station design related factors, such as system age, ventilation system, air conditioning, station 
size, the location of platforms and tracks, the depth of tunnels if the station is underground, 
and the use of PSDs. 

III. Surrounding environments such as whether the platform is located above-ground or 
underground, in a tunnel or outside a tunnel, near sites with heavy road traffic or light road 
traffic, and nearby construction work. 

 
Table 2. Mean daily levels of PM10 and PM2.5 reported on platforms at different stations 

Stations PM10 (µg/m3) PM2.5 (µg/cm3) Study 
Arlanda Central (underground) 140 -- Paper A 
Solna (above-ground) 45 8 Paper B 
Stockholm City (new, underground) 52 13 Paper B 
Stockholm Södra (old, underground) 233 41 Paper B 
Odenplan (new, underground) 175 35 Paper B 
 
 
The main focus of this thesis is on factors related to train operations, which fall under Group I.  Some 
factors listed in Group II and Group III will also be mentioned in terms of their influence on platform 
air quality.  
 
According to the measurements reported in papers A and B, the operation of trains influences platform 
PM levels. At the new Odenplan station, a tenfold increase in the PM concentration was observed after 
the station had been in service for one week, and this increase appears to be sustained. Once the daily 
traffic starts, train frequency is found to play a key role in the variation of railway PM. Thus paper A 
reports that higher levels of railway PM were observed during train operation time with two peaks at 
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rush hours (one in the morning and one in the evening), and minimum PM levels during the 
inoperative time at night. Similar daily patterns have been observed in other studies (Gustafsson et al. 
2012, 2016; Martins et al. 2016a). A recent study presents a two size class model to represent the 
pattern of railway PM at underground station, which is strongly related to traffic frequency (Walther et 
al. 2017). An in-depth investigation of the relationship between railway PM and train frequency at 
Odenplan station clearly showed that the PM concentrations increased with increased train frequency, 
regardless of whether the station was new or old (Fig. 6). This shows that decreasing train frequency is 
an effective measure to reduce the platform PM. Previous studies (Martins et al. 2015b; Kim et al. 
2012) have found that the use of PSDs can also reduce the PM levels on platforms. However, paper B 
found that they do not actually stop the transportation of particles from the tunnel to the platform as 
some PM can transfer during the door-open periods. The doors may stop coarse particles when they 
are closed, but it seems that they cannot isolate fine and ultrafine particles (paper E).  
 
In addition to the factors investigated in this thesis, there are other factors that should not be neglected. 
These include the ventilation systems (Moreno et al. 2017) and the materials of rail tracks, train 
wheels, brake pads and power supply systems, as well as the geometry of rail tracks (such as curved, 
or straight and sloped or level).  
 

   
Fig. 6. Relationship between average mass concentrations (PM10 left panel and PM2.5 right panel) and 
train numbers per half hour at Odenplan, City, and Södra stations, measured with OPS. The error bars 

show the standard deviations of the PM10 and PM2.5 at corresponding train numbers. 
 
Paper A shows that platform PM varies depending on the different kinds of train stopping at or passing 
through the station. Owing to the limited experimental time period, it is difficult to determine the 
specific contribution of each train type based on quantitative analysis. However, it has previously been 
recognized that platform PM levels are strongly dependent on the different types of trains operating in 
Arlanda tunnel, depending on the train composition, length and brake systems (Gustafsson et al. 
2012). Paper A showed that different sizes of particles are observed with different types of train. For 
example, an RC locomotive was found to release more particles smaller than 100 nm than other types 
of engine. Braking behaviour is regarded as a major reason for the difference in the sizes of particles. 
The RC locomotive uses only disc and block brakes, while other trains use electric braking at a high 
speed and only apply disk brakes once a low speed is achieved. On-board measurement with a 
sampling point under the train between two bogies showed clear increases in particle emissions during 
braking (paper D). It is estimated that the particle emissions due to braking account for about 50 % of 
the total emissions of particles related to the motion of trains based on the  two-part model proposed in 
paper C. This result is different from that obtained by Walther et al. (2017), who state that the 
contribution of braking can be neglected. However, other studies using indirect methods involving 
chemical analysis indicate that train braking affects the underground air quality (Martins et al. 2016b; 
Moreno et al. 2015; Park et al. 2012, 2014; Kang et al. 2008). Both our on-board measurements (paper 
D) and platform measurements (paper C) show direct evidence that the contribution of braking to 
platform railway PM cannot be ignored.  
 
After determining that PM on platforms is largely dependent on the operation of train traffic, the next 
step is to estimate how much train operation contributes to the total railway PM. To do this, emission 
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factors were investigated. The preliminary work started in paper C. Developing a two-part model 
made it possible to estimate particle emissions from two different sources: a brake term and an 
accumulative term. The accumulative term includes sources other than braking, such as rolling and 
sliding contact of the wheel-rail and the electrical supply system. This is different from the one-part 
model for the emission factor proposed in Gustafsson et al. (2012), where all emission sources were 
included for their contributions to the total PM.  An alternative method to distinguish the sources of 
particles released by the moving trains would be to use scaled laboratory tests to determine particle 
emissions from the train components. These tests would, for example, determine the particle emissions 
from brakes, from wheel-rail sliding contact, and third rail-collector shoe contact using pin-on-disc 
tribometer tests (Nosko et al. 2017; Cha et al. 2016; Liu et al. 2016; Abbasi et al. 2012; Olofsson 
2011; Sundh et al. 2009). Particles generated from those wear processes have been found to range 
from ultrafine to coarse fractions. The particle sizes are related to materials and different test 
parameters, such as sliding speed, normal pressure, and contact temperature. The emission of ultrafine 
particles in the range of 1.3–4.4 nm has even been observed in high number concentrations from the 
wear of railway cast iron brakes in laboratory tests. However, this was not noticed in the field 
measurements. Generated airborne particles from those friction processes can be collected in different 
size-resolved filters for further chemical characterisation. Although data from previous laboratory tests 
does not show comprehensive chemical compositions of the wear particles from the operation of 
trains, in principle it is feasible to gather the characteristics of primary generated particles by using 
pin-on-disc tests over long duration tests. This information can be used as input parameters for a CMB 
receptor model in order to perform source identification of field measurements in the future.  
 
One of the reasons for studying the variations in platform PM and factors affecting those variations is 
to relate the railway PM to specific contributing sources so that steps can be taken to achieve a cleaner 
railway environment. The characterisation of chemical compositions of railway PM is considered an 
effective method of identifying different contributing sources. However, it is still a challenge to 
directly investigate railway PM as a long sampling time is required to obtain enough data. As an 
alternative, investigation of the effective density of railway particles provides the possibility of 
identifying the specific nature of railway particles, which are different from other types of aerosols. 
For example, the effective density of railway PM in paper F has a mean value of 1.87 g/cm3, which is 
higher than the values for either ambient air or exhaust emissions. This indicates a high concentration 
of inorganic components contained in railway PM without resorting to chemical analysis. Further 
research is required to comprehensively explore the characteristics of railway PM in terms of the sizes, 
chemical compositions, effective density, and contributing sources.  

3.2 Airborne particles inside train cabins  

The PM10 and PM2.5 concentrations inside train cabins largely depend on the environment in which the 
train is travelling. In general, particles levels in cabins are much higher when travelling in tunnel 
sections, as shown in papers D and E.  It should be noted that the PM levels in the cabins for 
passengers and drivers, particularly for PM10, exceed the threshold value set by EU when the train is 
running in tunnel environments, as can be seen in Table 3. As clearly shown by the typical variations 
of PM concentrations inside different train cabins in paper E, a strong association was found between 
tunnel environments and increases in PM levels, especially for large particle sizes. Increases of PM 
inside trains in tunnels have previously been observed (Martins et al. 2016a; Onat and Stakeeva 2014; 
Aarnio et al. 2005). This can be attributed to poor ventilation in confined spaces resulting in the 
accumulation of airborne particles. Moreover, using PSDs on platforms reduces the air mixing 
between tunnel and platforms, and thus may result in even higher particle concentrations in tunnels 
(Son et al. 2014). Air quality on platforms can also affect PM levels inside trains during the short-time 
air exchange that occurs between train air and platform air when the door is open at stations (paper E). 
This exchange does not occur in the driver’s cabin where the door stays shut. It seems that the closed 
door acts as a filter for coarse particles. This explains why fine fractions are dominant in this cabin, 
whereas other cabins are dominated by coarse particles. Correlation analysis between PM inside the 
train and on platforms further indicates that particles in tunnel air are the common sources of PM2.5 on 
platforms and inside train cabins, even in the presence of PSDs. Infiltration may be the main 
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transportation mode of those particles. However, for PM10, the sources inside cabins are dependent on 
the opening of train doors. It is suggested that air mixing when the train doors are open is an important 
mode of particle transportation in addition to infiltration.  
 

Table 3. Mean levels of PM10 and PM2.5 inside different train cabins 

Cabins PM10 (µg/m3) PM2.5 (µg/m3) Study In tunnel Out of tunnel In tunnel Out of tunnel 
Passenger 51 35 37 20 Paper D 
Passenger 77 40 20 12 Paper E 
Driver 31 13 13 4 Paper E 
Service staff 61 39 16 6 Paper E 
 
The air inside train cabins also varies with other factors such as interior ventilation and air 
conditioning filters. Normal ventilation systems play an important role in maintaining the indoor PM 
levels at relatively low levels, especially for PM10, although they cannot stop the increase in particle 
concentrations in tunnel sections.  A surprising point revealed in paper E is that the tunnel mode of 
interior ventilation in a tunnel environment did not improve the indoor air quality. On the contrary, the 
particle concentrations increased substantially when tunnel mode was in use. A possible explanation is 
that there are other transportation modes of particles from tunnel to train than through ventilation, for 
example infiltration through train gaps. Train air quality can also be affected by using new air 
conditioning filters. Even though the influence of these filters on interior train air quality is not as 
significant as that of ventilation systems, their effects were found to be size dependent, with new 
filters reducing the number of smaller particles more than coarse particles.  
 
One of the primary purposes for studying railway particles is to promote awareness of the importance 
of clean air for both commuters and railway employees and to protect the public from exposure to 
airborne particles during commuting. Though short-term exposure to railway particles may not result 
in acute health issues, the effects of long-term exposure could be worrisome. This can be attributed to 
the deposition dose of particles rather than merely being exposed to particle concentrations. It has been 
shown that the health concerns related to traffic-generated particles are not only due to their inherent 
toxicity but are also associated with their deposition in the respiratory tract and translocation into the 
circulatory system owing to the smaller size fraction (Amato 2018). The deposition dose of railway 
particles to passengers, service staff, and drivers was estimated in paper E. The highest level of 
particle concentration was detected in the passenger cabin. However, the total daily deposition dose 
for the service staff is much higher than for passengers due to the longer exposure time for railway 
employees. Personal dose assessment plays a key role in the evaluation of the health impact of railway 
particles as it is costly and challenging to carry out epidemiological experiments.  

3.3 Limitations  

This thesis presents information about airborne particles in railway tunnels both on platforms and 
inside train cabins but does not address specific control measures to reduce the particle sources from 
primary emissions. Future studies will be required for this. 
 
Although great care has been taken to ensure the accuracy of the studies presented in this thesis, they 
still have some limitations that cannot be ignored. These limitations are mainly related to aerosol 
sampling instruments and sampling campaigns. 
 
The measuring principles used by particular instruments can result in deviations in the measured 
values of mass concentrations and number concentrations. For example, optical instruments were used 
for the measurements in papers B, C, D, and E. In order to convert the measured number 
concentration to mass concentration, an effective density is required to calibrate the results measured 
by those optical instruments. The effective density has to take into account the difference between 
railway PM and the polystyrene latex (PSL) aerosols used to calibrate the instruments in the factories. 
In paper B, C, and E, an effective density of 4 g/cm3 was used to calibrate the mass concentrations of 
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particles determined by optical instruments. This value was obtained by comparing the optical 
instruments to the ELPI+ based on simultaneous reference measurements of particles on railway 
platforms. The ELPI+ was found to have good agreement with the TEOM device for measuring 
railway PM, as detailed in paper F. However, considering that the characteristics of railway PM are 
not uniform and their chemical components can change over time, the average value (4 g/cm3) used for 
tests in paper B, C, and E may under- or overestimate the true value. This is especially true for the on-
board measurements in paper E, as the particles inside train cabins may be different from those 
measured on platforms in terms of their sources and chemical elements. Therefore, a calibration factor 
based on the platform measurements may give an inaccurate estimate of the mass concentrations of 
particles inside train cabins. In paper D, the reported PM10 and PM2.5 levels are based on a particle 
density of 5 g/cm3, based on the result given by Fridell et al. (2010). These assumptions would also 
give inaccurate estimations of the values of PM10 and PM2.5 concentrations for both inside train 
sampling and under train sampling of braking particles. Similarly, effective density is also required to 
calibrate mass concentrations measured with other instruments based on aerodynamic and electric 
mobility technology, such as the ELPI, APS, FMPS and SMPS used in these studies. In addition, the 
measured particles are usually assumed to be a solid phase without any volatile components. However, 
if a gas phase is included, deviations can also be expected. Given the fact that accurate characterisation 
of railway particles still presents a great challenge with current knowledge and technology in terms of 
their exact sources and characteristics (such as chemical composition, shape factors, physical density, 
sizes, and volatile components), the assumptions used in this thesis can be regarded as acceptable at 
the moment. But great caution should be exercised when comparing these results with other studies 
where different aerosol sampling instruments were used.  
 
In paper A, owing to the limited experimental time of the field measurements, it is difficult to reach a 
general conclusion on the contribution of each different type of moving train in terms of the 
concentrations and size distributions of emitted particles. A primary indication from the measurement 
result is that differences in the size distributions of generated particles are observed with different 
types of train operating. More studies with longer measurement periods are needed to prove that there 
is a general relationship between the type of train and the generated particle sizes. 
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4. Conclusions  

The major results of the appended six studies have been summarised. Most of the stated research 
questions in Chapter 1 have been addressed. In this section, answers to the research questions will be 
formulated and evaluated.   
 
1. How are the concentration and size of airborne particles on railway platforms affected by the 
operation of individual moving trains in tunnels? (Papers A and C) 

The variations of platform railway PM are strongly associated with the operation of traffic in tunnels. 
For the Arlanda station, the average PM10 is about 14 times higher during the operational period 
during the day than during the inoperative period at night. Most of the operations of individual moving 
trains in the tunnel result in clear increases in railway PM concentrations, as shown in paper A. In 
addition, the railway PM is dominated by fine particles with a peak around 170 nm due to the motion 
of trains at the station. As indicated in paper A, the variation of platform PM differs with different 
types of trains. Even different sizes of particles are observed with different types of train moving there. 
For example, an RC locomotive is found to release more ultrafine particles than other trains. Train 
braking is found to greatly contribute particles to the total PM emissions (50 %), as indicated by the 
two-part model of wear particles in paper C.    
 

2. How do factors, such as the surrounding environments, system age (new vs. old), station design 
(one platform or two, and the use of PSDs), and train movement factor (train frequency and train stop 
period) affect the variation of PM levels on railway platforms?  (Paper B) 

Surrounding environments are found to significantly influence platform PM, largely depending on 
whether the platform is inside a tunnel or outside a tunnel. In general, the railway PM concentrations 
at a station inside a tunnel are much higher than those outside tunnels (for example, the PM level at  
Odenplan station was about 5 times higher than that at Solna station in paper B). For new stations with 
different number of platforms located in the same tunnel, the PM levels varied with different train 
frequency due to the different station design (Odenplan station vs. Stockholm City station).  It seems 
that the age of the system is less significant than the frequency of the trains (Odenplan station vs. 
Stockholm Södra station). Further measurements are required to obtain a more general conclusion.  
 
Particle emissions related to individual trains fall into three groups: train operation generated primary 
PM emissions, train movement related secondary emissions, and passenger-induced particles. In paper 
B, a train movement factor is proposed to cover all of these aspects. Train movement factor is 
reflected by the variation in platform PM with train frequency and train stop time (or door open time), 
as described in paper B. The results show a strong influence of train movement factor on the platform 
PM levels. To be more specific, noticeable increases in PM10 and PM2.5 were observed as the train 
frequency increased, regardless of the measurement locations. Additionally, remarkable increases in 
mass and number concentrations of large particles (0.3–10 µm) were noticed when the PSDs opened 
as trains stopped at the station.  
 

3. What are emission factors of railway particles? Is it possible to build a model to estimate the 
emission factors of train wear particles from field measurements in tunnels to distinguish between 
brake emissions and emissions from other sources, such as rolling and sliding in the wheel-rail 
contact and in the electrical  supply system? (Paper C)  

The increase in total PM10 concentration at the Odenplan station was estimated to be 11 µg/m3 per half 
hour after ordinary traffic had been running for 3 months, as shown in paper C.  Odenplan station is a 
newly built station and one trial train was run with a high frequency of braking before the tunnel was 
opened to public transport. A two-part model was built to obtain the emission factors of different 
emission sources, mainly focusing on train operation. The first part is a brake effect term (related to 
the number of operations and brake disc and brake pad contact, for instance). The second part is an 



 

CONCLUSIONS | 22 
 

accumulative effect term (relying on operation distance such as wheel-rail contact and overhead 
catenary system sliding contact). It was found that both brake effect and accumulative effect are linear 
with the train frequency and make similar contributions (about 50 % for each term) to the total PM 
level on the platform.  
 

4. How are the particle levels inside train cabins affected by the motion of trains, interior ventilation 
modes and filters, and surrounding environments such as tunnel air and platform environments that 
use PSDs? (Papers D and E) 

Paper E showed that the effect of interior ventilation systems is significant. Improved train air quality 
can be achieved by using ventilation. However, the tunnel mode of ventilation is not recommended 
without further study as our results showed that it increased PM concentrations. Using new filters can 
slightly reduce the PM levels, especially for smaller size fractions. The operation of traffic contributes 
particle emissions (such as particle emission during braking in paper D) to the surrounding 
environment, especially in tunnel sections. Particles in the surrounding environment can be transported 
to the train interior during the short times in which the doors open (paper D). The impact of 
surrounding environments and tunnel or platform air is found to be different in different cabins (paper 
E). One of the factors responsible for this difference is what happens when the train stops at 
underground stations. PM levels, and coarse size fractions in particular, are clearly observed in the 
cabins when the train door opens. In contrast, the door to the driver cabin, which did not open at 
stations, seems to act as a filter to reduce the transportation of coarse particles into the train. 
Consequently a much lower PM10 level was detected in the driver cabin than in the other cabins. 
Regression analysis showed that PM2.5 concentrations inside train cabins were strongly associated with 
platform PM2.5, while the relationship between platform PM10 and in-train PM10 depended on whether 
the door was open or not. This reveals common sources of particles in-train and on-platform. Aerosols 
in the tunnel are thought to be the major source, which is generated mainly by the daily operation of 
trains and easily accumulates in the new tunnel as the use of PSDs on the platform greatly reduces air 
mixing between the tunnel and the platforms.  
 
5. What is the dose-exposure of commuters and railway employees to railway particles? (Paper E) 

The deposition dose is largely related to PM exposure concentrations, particle sizes, and exposure 
time. For the on-board measurements in paper E, the highest PM10 exposure occurred in the passenger 
cabin (77 ± 20 µg/m3), followed by the service staff cabin (61 ± 23 µg/m3), while the driver had the 
lowest exposure (31 ± 13 µg/m3). In addition to the difference in the exposed PM10 levels, the dose 
also depends on the exposure time. Service staff and drivers spend more time each day on trains than 
passengers do. The highest daily deposition dose occurs for the service staff (142 µg), the lowest for 
commuters (15 µg), and the drivers receive a median level (35 µg). The differences in the particle size 
distributions in different cabins also make the total deposited dose different.  

 

6. What is the effective density of railway particles and how does it vary with different determination 
methods? (Paper F) 

Paper F found different values of effective density of railway particles for different algorithmic 
approaches. Deviations even arise when using the same algorithm but different combinations of 
instruments owing to their different performance in terms of working size ranges. In spite of this, 
similar diurnal variations in the effective density were found using a TEOM in tandem with 
SMPS+APS and a TEOM combined with an ELPI+. The values of the effective density of railway 
particles determined with both methods were found to be traffic-related. A relatively steady value 
(1.87 ± 0.22 g/cm3) was obtained for the period with traffic operation (determined with TEOM-
SMPS+APS). A lower value of 1.2 g/cm3 was obtained for the combination of TEOM with ELPI+ in 
the presence of traffic. However, the value fluctuated dramatically (between 0.9 and 3 g/cm3) when 
there was no traffic and this is strongly related to the concentrations of small particles below 600 nm. 
These estimated values of effective density from algorithm approaches are smaller than the particle 
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density of bulk material determined from the chemical compositions of the collected particles. 
Analysis of the sizes and chemical compositions of railway particles can provide further information 
on the effective density of particles, and future study is recommended.  
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5. Future Research  

Further research is recommended to fully characterise airborne particles in railway environments and 
to further control the air quality. Some possible research topics are proposed below: 
 

• Further studies of emission factors for an entire train fleet are required to identify more 
specific sources of particles released by moving trains.  

• Contributing sources of railway particles need to be further identified with chemical receptor 
models based on extensive field experiments in combination with scaled laboratory tests. Full-
scale chemical characterisation is required to cover both inorganic and organic components.  

• A volatile phase can be present in the railway particles, which will influence the particle sizes 
and mass concentrations. However, little is known about the volatile part of wear particles or 
aerosols.   

• Small sizes (1–100 nm) in railway particles should not be ignored in field measurements, as 
some particles as small as around 1 nm have been observed from the wear processes of 
railway brake pads in laboratory tests.  

• The concentration of particles inside train cabins can be as high as on platforms, especially 
when the train is running in tunnels. However, the exact sources of these particles in cabins 
are unknown due to the lack of the chemical characterisation of particles inside trains. 

• In addition to the application of advanced ventilation systems, other air quality control 
measures can also be adopted, such as air purifiers on platforms and inside train cabins. 
However, the viability and efficiency of those devices has not yet been investigated. 

• Further toxicological and epidemiological studies are needed to identify the influence of 
specific chemical forms in railway PM on human health.   

• Most of the data in this thesis was acquired in intensive short-time investigations. To obtain a 
more general trend of the variation of PM on platforms and inside trains, extensive field 
measurements should be carried out in different seasons over an entire year.  

• In paper F, the chemical composition analysis was based on Proton Induced X-ray Emission 
(PIXE). Only inorganic components can be obtained by this method. Further chemical 
analysis covering inorganic and organic components is necessary to compare with effective 
density and chemical compositions based on sizes. This would provide more information on 
the effective density of railway particles.  

• More field experiments are required to continue to build the emission factor model for a 
comprehensive identification of railway particle sources.  
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