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Abstract 

In 2017 a new railway tunnel containing two stations opened in Stockholm, Sweden. A series of field 
measurements were carried out on the platforms in this tunnel before and after it was opened for 
normal traffic. These measurements were used to investigate the contribution of airborne particle 
emissions from wear processes to total train emissions. This field data was used to  develop a two-part 
train traffic emission factor model for PM10. The two parts are the accumulative effect term (relating 
to operating distance such as wheel-rail contact and overhead electric line sliding contact) and a brake 
effect term (relating to the number of braking operations such as brake disc and brake pad contact). 
The results show that operating a single trial train at a higher than normal frequency on an otherwise 
empty platform increases the platform particulate concentration until the concentration reaches a 
steady value. The model suggests that brake emissions account for about 50 % of the total emissions 
measured in the tunnels. 
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Table of Abbreviations 
Abbreviation Definition 
l Train travelling distance in a tunnel [m] 
N Train number [-] 
n Train braking time [-] 
PM Particulate matter 
PM10 Particulate matter < 10 um in diameter 

PM10accumulative effect 
PM10 generated from the accumulative effect term in the emission factors 
model [μg/m3] 

PM10background Background PM10 level [μg/m3] 

PM10brake effect 
PM10 generated from the brake effect term in the emission factors model 
[μg/m3] 

PM10total Total PM10 values from the measurements [μg/m3] 
α Brake effect factor [μg/m3] 
β Accumulative effect factor [μg/m4] 

 

1. Introduction 

More and more attention is being paid to airborne particulate matter, that is, the mixture of solid 
particles and liquid droplets found in the air [1]. The reason for the increased interest is that exposure 
to PM < 2.5 µm in diameter over a few hours to weeks has been shown to trigger heart disease, while 
longer-term exposure greatly increases the risk of cardiovascular mortality (Brook et al. [2]). 
Katsouyanni et al. [3], Samet et al. [4], Pope et al. [5], Donaldson et al. [6], Oberd et al. [7], and Ghio 
et al. [8] all discuss the adverse health effects of airborne particulate matter of different sizes and 
chemical composition on human bodies. 
 
In urban areas such as Stockholm, the particle concentrations on rail traffic systems have been found 
to be higher than those on busy streets [9]. The sources of the particles in rail traffic systems include 
wear from the wheel-rail contact [10], brake system contact [11] and electrical power systems [12], as 
well as resuspension of particles caused by the movements of trains and passengers [13].   
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Predicting the concentration of airborne particles around a railway system requires data about the 
relationship between traffic conditions and the concentration of generated airborne particles. Several 
papers have investigated this relationship for airborne particles generated from both roadway and 
railway traffic. The papers use varying definitions; some count the number of airborne particles while 
others measure the mass of airborne particle emitted per train, per car, per running distance or per stop 
[14–20]. Gustafsson et al. [15], for example, present a single term linear regression model of 
particulate matter versus train frequency based on measurements in train tunnels. They defined the 
apparent emission factor for train movement in terms of mass concentration, with the slope of the line 
showing the changing mass concentration versus train number frequency. The conservation model 
presented by Walther et al. [21, 22] was based on full-scale measurement campaigns in train tunnels. 
The emission rate term of PM10 in their model is proportional to the apparent emission factor α and to 
the square of the train frequency number [21]. 
Studies by Jung et al. [23] and Martins et al. [24] show that the main sources of  particulate matter in 
railway tunnels are related to the operation of trains. Analysis shows that the chemical composition of 
these particles is dominated by Fe. The sources of the Fe-containing particles are rails, wheels, 
catenaries, brake pads and pantographs [24]. Since the brake system also contains varying amounts of 
Ba and Sr, the Ba/Sr ratio can also indicate the influence of braking on particle emissions [24].  A 
study by Cha et al. [25] with a sampling inlet close to the brake contact found noticeable increases in 
the PM levels measured under a moving train during braking. These findings show that our 
understanding of the airborne particle sources in railway tunnels could be improved by developing a 
two-term regression model containing both a train brake term and an accumulative effect term. The 
accumulative term would represent the wear mechanisms that are closely related to the trains’ moving 
distance.  
 
The main research question in this study is thus whether a two-factor model consisting of a brake 
effect term and an accumulative effect term can be used to predict the particle levels in a railway 
tunnel. This research question can be divided into two sub-questions: 

• What is the relation between train frequency and PM level in terms of the effects of train 
braking? 

• What is the relation between train frequency and PM level in terms of the accumulative effect 
of the moving distance of trains? 

2. Methods 

2.1 Information on the platform 
In 2017 a new railway tunnel opened in Stockholm, Sweden. There are two stations in this tunnel, 
namely Stockholm Odenplan (referred to as Odenplan) and Stockholm City. Odenplan station is an 
underground station for commuter trains with one central platform. Service started on 10 July 2017. 
The station is equipped with an advanced ventilation system and platform screen doors, as shown in 
Fig. 1a. 
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a)  

b)  
Fig. 1a) Photo of the Odenplan platform and the placement of the instrument (an OPS); b) 
Sketch map of Odenplan platform showing four test positions (distances in m). The photo was 
taken at test point 3. 

2.2 Field measurement campaigns 
A TSI Optical Particle Sizer model 3330 (OPS) was used to take the measurements, as shown in Fig. 
1a. The size range measured by the OPS is from 0.3 to 10 μm in up to 16 channels. The sampling flow 
is 1 L/min and the concentration range is from 0 to 3000 particles/cm3. The sampling frequency was 
set to 1 Hz and all 16 channels were used. Using optical technology, particle number concentration 
can be directly registered by the OPS, but an effective density is required to convert the measured 
number concentration to mass concentration. On the basis of reference measurements conducted at 
Stockholm Södra station, an effective density of 4 g/cm3 was suggested for calibrating the OPS result 
for mass concentrations [26].  The reported PM10 and PM2.5 values in this study are all determined 
using an effective density of 4 g/cm3. 

Blank test 

On 21 June 2017 from 13:00 to 15:00, four field measurements of airborne particles were performed 
on Odenplan station using an OPS. The positions of the four measurements are shown in Fig. 1b. 
Tests 1 and 3 (platform tests) measured the particles on the platform while tests 2 and 4 (tunnel tests) 
measured those inside the tunnel. The area inside the rectangle in Fig. 1b represents the platform. The 
small rectangles represent platform screen doors, not all of which are shown.  The duration of each 
test was 20 min. The inlet of the device was one metre away from the floor for platform tests and 1.2 
metre away from the floor for tunnel tests. Since those tests were performed before normal traffic 
commenced, when there were no trains or passengers on the platform, the measured particle level can 
be regarded as a blank or reference background. 

Single train reciprocating test 

On 28 June platform particle levels were measured using the OPS at the same position as test point 3 
as shown in Fig. 1b. During this test, a test train ran back and forth at Odenplan station at a high 
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frequency on one side of the platform. For each test, the test train accelerated to 20 km/h and then 
stopped at Odenplan station. The total travelling distance was two train lengths. The train started 
braking when the driver cabin reached the start of the platform. When it arrived at the platform, the 
platform screen doors and train doors were opened for about 3 min to simulate real traffic conditions. 
The train would then reverse out of the station at a speed below 10 km/h. After about 1 min, the test 
train would speed up again and repeat the process.. 

Normal traffic test 

After regular traffic started in the new tunnel, particle levels were measured on Odenplan station 
platform in October and November 2017. The same OPS was used for the measurements and it was 
again located at measurement point 3 as shown in Fig. 1b. On 30 October, 1 November and 7 
November 2017, particle levels at Odenplan station were monitored twice each day, from 8:00 to 
10:00 and from 16:00 to 18:00. The train frequency was also recorded during the measurements. 

2.3 Model development 
Railway particles have many sources, including traffic operation (e.g. primary wear particles 
generated from wheel-rail contact, brake contact, and third-rail contact or pantograph-catenary 
contact), resuspension of background particles in the tunnel, outdoor aerosols, and passenger-induced 
particles. The latter two sources will not be considered in this study. In the test with regular traffic, the 
background particles come mainly from the accumulation of particles in the tunnel generated by 
traffic operation. These particles fall into two groups: those described by an accumulative effect term 
(related to operation distance such as wheel-rail contact and overhead electric line sliding contact) and 
a brake effect term (related to the number of operations involving brake disc and brake pad contact). 
 
Fig. 2 shows a top-down view of the tunnel and the two stations. The tunnel is 6000 metres long with 
no sharp curves. Since the south-bound and north-bound trains are equally frequent, the average 
particle emissions of one train include the accumulative term of 3000 metres rolling and sliding 
contact effect and  the brake term of 1.5 times. Thus, the total PM10 in the tunnel can be calculated as 
the sum of the particle emissions due to those two types of effect multiplied by the number of trains 
plus the background particle level, as expressed in equation(1).  
 total brake effect accumulative effect backgroundPM10 = PM10  + PM10  + PM10   (1) 
The next step is to find the relation between train frequency and the particle concentration in both of 
the terms. 
 
During the measurements on 28 June 2017, the speed of the test train did not exceed 20 km/h and the 
running distance was about 200 metres. Thus the speed and moving distance were much slower and 
shorter than in normal traffic conditions, and the accumulative effect can be neglected. In normal 
traffic conditions, the train uses a mixture of electric and mechanical braking. However, the 
mechanical braking is active only at speeds of 20 km/h and below, and so the data measured at this 
time can be used to investigate the brake effect term. The intention of these measurements is to find 
the relation between train frequency (or the number of braking events) and the generated airborne 
particle concentration using a linear regression model. The effect of the accumulative term can then 
be studied by subtracting the brake term from the normal traffic test data. 



5 
 

 

Fig. 2. Sketch of the new train tunnel (SO: Stockholm Odenplan station; SC S: Stockholm City 
station south-bound platform; SC N: Stockholm City north-bound platform). 

The relation between the number of train braking events and PM10 values in a high back-and-forth 
running frequency condition can be found using equation(2). N [-] is the number of trains, α [μg/m3] is 
the brake effect factor, n [-] is the average number of train braking events. The number of train brake 
times should be 2 N since the test train brakes twice in one back-and-forth operation. The PM10 value 
should be the sum of the brake effect term and the background PM10 level. 

 
total brake effect background

brake effect

PM10  = PM10  + PM10
PM10  = α n

n = 2 N
⋅

⋅
  (2) 

 
The accumulative effect term can be obtained from the measurements for the normal traffic test. Since 
it has been assumed that the brake effect term has a linear relation with the PM10 level, it can be 
extrapolated to an increased number of trains by considering only the effect of brake wear. Then, the 
accumulative term can be calculated by subtracting the brake term from the data of normal traffic test, 
as shown in equation(3). 

 
accumulative effect total brake effect background

total background

PM10  = PM10  - PM10  - PM10  

                              = PM10  - n - PM10

                           n = 1.5 N

a ⋅

⋅

  (3) 

 
Given the linear relation between total PM10 and the number of trains, and the linear relation between 
PM10 and brake term effect, the accumulative effect term should also have a linear relation with 
PM10 level since the background PM10 level was assumed to be a constant. The corresponding linear 
equation is shown in equation(4). The l [m] is the distance travelled in the tunnel and β [μg/m4] is the 
accumulative effect factor. The average number of train braking events is  changed to 1.5 N according 
to the average number of braking events for north and south-bound trains stopping at Odenplan station. 

 accumulative effectPM10  = 
3000

β ⋅
= ⋅

l
l N

  (4) 

 
Equation (1) of the two-part train traffic emission factors model can be expanded to equation (5), by 
combining equations (3) and (4).  
 total backgroundPM10  =  +  + PM10a β⋅ ⋅n l   (5) 

3. Results 

3.1 PM10 and PM2.5 for blank test 
The PM10 and PM2.5 values from tests 1 and 2 are shown in Fig. 3. The figure shows that the PM 
values on the platform are more stable than in the tunnel, and the average PM10 and PM2.5 in the 
tunnel are higher than those on the platform. The average PM10 values from tests 1 and 2 are 12 
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μg/m3 on the platform and 13 μg/m3 in the tunnel. The average PM2.5 on the platform and in the 
tunnel from tests 1 and 2 are 2.1 μg/m3 and 2.8 μg/m3. Calculating the ratio of PM2.5 and PM10, the 
proportion of small particles in the tunnel is larger than the proportion on the platform (18% on 
platform, 22% in tunnel). 

a)  

b)  

Fig. 3. Boxplot of PM10 and PM2.5 values from blank test on Odenplan station (platform: test 
1; tunnel: test 2). 

3.2 Results of the single train reciprocating test 
The PM10 and PM2.5 values from the single test train measurement are shown in Fig. 4. According to 
Fig. 4a, the PM10 value continuously increased with time until it reached a level around 140 μg/m3. 
From the start to about 40 min, the PM10 and train frequency number show a positive correlation. 
From 40 to 55 min, the PM10 reached a steady value and started to decrease even though the test train 
was still repeating the operation. A similar phenomenon can be seen in Fig. 4b for PM2.5. The 
maximum PM2.5 value during the measurements is about 35 μg/m3.  
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a)  

b)  
Fig. 4. Variation of PM10 level (a) and PM2.5 level (b) over time at Odenplan station during 
single test train measurement. 

Given that Fig. 4 shows that the PM levels increase as the train number increases, it is of interest to 
investigate the correlation between PM levels and train frequency. Fig. 5 shows the PM10 and PM2.5 
levels vs. the train frequency. The PM10 and PM2.5 levels continuously increased from the arrival of 
the first train to the arrival of the fifteenth train. The linear regression analysis also shows strong 
correlations between PM levels and train frequency (R2 = 0.92 for PM10 and 0.83 for PM2.5) for the 
first 15 trains. The first 15 train arriving points will be used to obtain the brake effect term, as 
described in the methodology section. According to equation(2), the brake effect factor α can be 
obtained by dividing the slope of the regression line by two. In this case, the brake effect factor is 3.9 
μg/m3 for PM10, and 0.68 μg/m3 for PM2.5, as shown in Fig. 5. 
 
The background PM levels in the single train reciprocating test in Fig. 5 show that the background 
PM10 is about 23 μg/m3. The background PM10 in the single train reciprocating test measurements is 
similar to the average PM10 value from tests 1 and 3 in the blank test, which is about 18 μg/m3. The 
background PM2.5 is around 12 μg/m3. The background PM2.5 value on the platform from the 
average value of tests 1 and 3 in the blank test is about 3.1 μg/m3. The background PM2.5 for the 
single train reciprocating test is four times higher than the blank test. 
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a)  

b)  
Fig. 5. PM10 level (a) and PM2.5 level (b) vs. train number on Odenplan station for the single 
train reciprocating measurement, with linear regression results for the first 15 train arrival 
points. 

3.3 Results of the normal traffic test 
The measurements of PM10 and PM2.5 levels for the normal traffic test were previously presented by 
Cha et al. [26]. Fig. 6 shows the PM10 and PM2.5 values versus train frequency during the 
measurements. Linear regression was used for both PM10 and PM2.5 values versus train number. 
 
Fig. 6a shows that the PM10 level and train number have a positive correlation after normal traffic 
started. The R2 value from the regression method (R2 = 0.65) shows that this positive correlation can 
be a linear relation. According to equation (3), the accumulative effect term can be calculated by 
subtracting the brake effect term from the whole regression model. Since both the brake effect term 
and total PM10 regression show a linear correlation, the accumulative effect term can be assumed to 
have a linear relation with PM10 level, as in equation (4). From this measurement, the parameters in 
equation (4) can be calculated. The value of β is 0.0018 μg/m4 and the background PM10 value is 
about 51 μg/m3. 
 
From Fig. 6b, the result of linear regression between PM2.5 and train number shows a poor linear 
correlation. The value of R2 is about 0.09. Therefore, the correlation between PM2.5 and train number 
is not clearly based on the results of this measurements.  
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a)  

b)  
Fig. 6. a) PM10 vs. train number per 30 min after normal traffic started and results of 
regression model. The red line shows the sum of the brake term and background PM10 level, 
the green line shows the sum of the accumulative term and background PM10, and the purple 
line shows the sum of the two terms and background PM10; b) PM2.5 vs. train number per 30 
min and result of linear regression of PM2.5 value. 

4. Discussion 

This study is part of a research programme on particle levels in train tunnels in the Stockholm region. 
More information about particle emissions on the platform of Stockholm City station and other 
platforms along the same train line can be found in Cha et al. [25–28]. 

4.1 Brake effect term 
Various field tests have investigated the contribution of braking emissions to the total levels of 
airborne particles in railway or subway systems. In the Barcelona subway system, for example, 
Martins et al. [24] identified subway sources using a positive matrix factorization receptor model. 
They observed that emissions from brake pads were a component of the subway particles and noted 
that variation in the Ba/Sr ratio in different subway stations probably reflected differences in the 
composition of brakes. Cha et al. [25] performed on-board measurements with a particle sampling 
inlet close to the brake pad under a running train. Significant increases in the particle number 
concentration were observed during braking. In the study by Abbasi et al. [29], an on-board field test 
was performed on a Swedish track with one sampling point close to the brake pad and one point under 
the middle of the train. The difference in the PM levels recorded at those two points show the effect of 
braking operations at different brake levels. During braking, particle peaks were identified at 
diameters of 280, 350, 600 nm and 3–6 μm. A study by Molle et al. [30] found that wear from braking 
process also plays an important role in airborne particle emissions in the Paris subway system. Their 
study also mentioned the difference between mechanical braking and electrodynamic braking. In the 
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current study, the large fraction of the brake effect term to the total PM level (see Fig. 6a) is in line 
with the conclusions of these studies. 
 
The mean absolute error between the PM10 values from measurements and the brake effect term plus 
the background PM10 values from the single train reciprocating test on 28 June was calculated to be 
about 8.3 μg/m3. This value is about 9.8 % of the mean value of the first 15 PM10 values. This data 
shows that the brake effect term in the model has good accuracy and can be used to predict particle 
emissions from disc brakes. The limitation of the present approach is that the linear relation of the 
brake term was calculated for a time interval of 40 minutes. In this time range with a high train 
frequency, the effect of deposition can be ignored. However, over a longer period with low train 
frequency, the effect of deposition could affect the PM values. 
 
The brake effect factor was mainly determined from the single train reciprocating test, during which 
saturation values for both PM10 and PM2.5 were reached (Fig. 5). One possible explanation for this 
saturation and the decreasing values of PM after the 15th stop could be that when the particle levels 
on the platform reached a threshold value (PM10 equal to 150 μg/m3), the platform ventilation system 
increases the ventilation level automatically. 
 
Fig. 3 shows that the air quality at Odenplan station before traffic started was relatively good. 
Combining this result with Fig. 5, the similar values of background PM10 from tests 1 and 3 in the 
blank test and the single train reciprocating test (23 μg/m3 and 18 μg/m3) show the cleanness of the 
new tunnel. This reduces the likelihood of  train movements resuspending old accumulated particles 
and so influencing the measurements. However, the background PM2.5 values from the two 
measurements are different. The single train reciprocating test shows 12 μg/m3 of PM2.5, which is 
four times higher than in tests 1 and 3 in the blank test (3.1 μg/m3). One possible explanation for the 
different PM2.5 values is that PM2.5 levels take longer time to settle down. 

4.2 Accumulative effect term 
The main sources of particles in the accumulative effect term are the wear of wheel-rail rolling and 
sliding contacts and sliding between the mechanical parts of the electric power system. The quantities 
of airborne particles generated from these two sources depend on the trains’ moving distance. The 
wheel-rail and power supply system contacts were identified as important particle sources by Martins 
et al. [24]. According to their positive matrix factorization analysis, the Cu/Fe ratio shows the effect 
of the electric power system source and the high concentrations of hematite are mainly caused by the 
wear of the wheel-rail contact.  
 
In the present study, the accumulative effect term cannot be directly derived from the raw 
measurement data. When subtracting the brake effect term and background PM10 value, the 
remainder may contain some particles emitted from other sources that are not correlated with train 
moving distance. For example, the effect of resuspension may also influence the remainder. However, 
since the measurements were taken in a newly built train tunnel, the effect of resuspension of 
accumulated old particles can be ignored. Particle deposition with time would also affect the 
accumulative effect term. The time interval of the single train reciprocating test was 40 minutes, while 
the train frequency numbers after normal traffic started were recorded every 30 min. Thus, the valid 
time interval of the regression model in equation (5) is 30 min. The R2 values changed from 0.92 in 
the single train reciprocating test to 0.65 in normal traffic measurement. It may that the PM 
background effect appears due to decreases in the train frequency and the addition of passengers to 
the system. The accumulative effect term now may contain the background effect, and further 
experiments are needed to distinguish this from the accumulative effect term. Further experiments are 
also needed if one wants to increase the valid time interval. 
 
The linear correlation between PM2.5 and train number after the start of regular traffic is very low (R2 
= 0.09), as shown in Fig. 6b. The slope of PM2.5 increasing with train frequency number is about 1.1, 
which is also quite low. This indicates that sources independent of the train frequency dominate at 
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PM2.5. However, in the single train reciprocating test, the linear relation between PM2.5 and train 
frequency number was clear in terms of brake effect (R2 = 0.83). This phenomenon shows the 
influence of high train frequency and few disturbances from passengers or aboveground sources on 
the PM2.5 rate of change. The PM2.5 value may also have an accumulative effect term, but the 
difference between the brake term and background PM2.5 is too small to distinguish the accumulative 
effect from other contributing sources. 

4.3 The two-part emission factors model 
A two-part emission factors form is a further development of the single term model used previously 
[15]. The sum of the terms in the two-part emission factors model (eqn (1)) represents the linear 
regression results of the normal traffic test. Using this model to calculate the PM10 value, the mean 
absolute error between the results of the measurements and the model is about 23 μg/m3, which is 
about 12% of the mean value of the measured PM10 value. This shows that the accuracy of the model 
is acceptable. The slope of the linear regression model is about 11. In the studies by Salma et al. [32] 
and Gustafsson et al. [15], field tests were performed in underground subway stations in Budapest and 
Arlanda South, Stockholm. Both of them used linear regression to find the correlation between PM10 
level and train frequency. The slope and R2 values from Gustafsson et al. [15] are 8.2 and 0.5. From 
Salma et al. [32], the two values are 8 and 0.64. In the present study, the slope is slightly higher than 
both those values, possibly due to a higher train frequency and the presence of platform screen doors. 
 
The conservation model used by Walther et al. [21, 22] includes an emission term not used in the 
present study in that  only resuspension was considered. However, in the present study, almost half of 
the PM10 particles are generated from the brake effect, indicating  that direct emission from trains by 
wear should not be ignored. 
 
In the model in this paper, the background particle level was set to be a constant. However, other 
factors could change with time or with train frequency, including ventilation and deposition effects. 
These two kinds of effects were taken into consideration in the conservation model of Walther et al. 
[21, 22]. To optimize the two-part emission factors model, the resuspension and deposition terms in 
the conservation model could be used in the background particle term. In addition, several other 
factors such as the combining effect, mixing, coagulation and phase change mentioned by Nazaroff 
[33] can be considered in the future. 

5. Conclusion 

The PM10 and PM2.5 values on the platform of Odenplan station were analysed based on three field 
measurements: the blank test, single train reciprocating test and normal traffic test. The results of the 
blank test show that the new train tunnel was clean. The single train reciprocating test and the normal 
traffic test were used to create the two-part train traffic emission factors model by investigating the 
correlation between PM10 and train frequency. The single train reciprocating test was a special 
condition that allowed the brake effect in the train tunnel to be found. The linear regression result 
from the normal traffic test between PM10 and train frequency is equal to the whole two-part 
emission factors model. The accumulative effect can be calculated by using the whole model and the 
brake effect term. This study thus answers the main research question and all sub-questions as shown 
below: 

• In terms of brake effect, the relation between PM10 levels and train frequency is positive and 
linear. The brake effect factor is equal to 3.9 μg/m3 in this case. The accuracy of PM10 prediction 
in the single train reciprocating test is 90.2 % (brake effect term plus background PM10 level). The 
PM2.5 level and train frequency in this measurement also show a linear correlation. 

• The relation between PM10 and train frequency in the accumulative effect term is positive and 
linear. The accumulative effect factor is 0.0018 μg/m4. The accuracy of this term cannot be 
calculated directly, but the accuracy of the total two-part train traffic emission factors model shows 
good results. However, the relationship between PM2.5 and train frequency is not clear.  
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• The ratio between the brake effect factor and the accumulative effect factor is 1.07, which shows 
that the two effect terms have similar influences on the PM10 level. 

• The combination of brake effect and accumulative effect can be used to predict the PM10 
emissions from trains. The accuracy of the two-part train traffic emission factors model is about 
88 %. The model shows a positive linear relation between PM10 value and train frequency in a 
train tunnel. 
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