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A B S T R A C T   

The Copenhagen Metro comprises four lines, the M1, M2, M3 and M4, with 25 subterranean stations and an 
additional 14 stations above ground, serving ca. 80 million passengers annually. In this study we measure fine 
particulate matter (PM2.5) and carbon dioxide (CO2) concentrations in stations and in trains across the entire 
system. In partially underground lines, high PM2.5 concentrations with an average of 109 μg m− 3 are found in 
below-ground stations. The observed correlation between PM2.5 concentration and distance between a station 
and a tunnel exit is attributed to ventilation via the piston effect. The piston effect via tunnel draught relief shafts 
was therefore found to be relatively limited. Filter samples of particulate matter are analysed using particle- 
induced X-ray emission and show an iron content of 88.6 % by mass which is quite different from above- 
ground particulate matter and consistent with particle production by train wheels, rails and brakes. The 
average concentration measured at the stations of a recently opened (2019) fully underground M3 closed loop 
line is 168 μg m− 3, further demonstrating that while piston effect-driven ventilation is effective in close prox-
imity to tunnel openings, it is relatively limited via tunnel draught relief shafts. Measurements onboard trains 
show even higher PM2.5 concentrations and the patterns in CO2 concentrations suggest carriage ventilation by 
tunnel air. Ventilation via doors during platform stops caused a drop in observed PM (and CO2) at stations, but 
the system is surprisingly polluted despite its recent construction. CO2 mixing ratios ranged from ambient to 
around 600 ppm. Measures should be taken to control PM levels using a combination of source control and 
increased clean air supply of the Copenhagen and other similar metro systems.   

1. Introduction 

Air pollution is one of the largest environmental health threats in the 
world, causing seven million deaths annually according to the World 
Health Organisation (WHO, 2019). Airborne particles with an aero-
dynamic diameter smaller than 2.5 μm, known as fine particulate matter 
and abbreviated PM2.5 are a major constituent of air pollution. In 
contrast to coarse particulate matter (PM10), PM2.5 can penetrate deep 
into the human respiratory system and deposit in the pulmonary region 
(Deng et al., 2019). This foreign material causes a variety of adverse 

health effects such as cardiovascular diseases (Sullivan et al., 2005; 
Dominici et al., 2006), respiratory diseases (Christian and Østerskov, 
2019; Malig et al., 2013) and cancer (IARC, 2013; Raaschou-Nielsen 
et al., 2013), leading to an increased mortality in highly polluted 
areas (Atkinson et al., 2010; Meister et al., 2012). Due to concern about 
the health impacts of particulate air pollution the European Union 
Ambient Air Quality Standard for PM2.5 exposure is 25 μg m− 3 for a one 
year averaging period (European Union Ambient Air Quality Standards, 
2022). The World Health Organization (WHO) Global Air Quality 
Guidelines released in 2020 state that an annual average concentrations 

* Corresponding author at: Department of Chemistry, Copenhagen University, DK-2100 Copenhagen, Denmark. 
E-mail address: msj@chem.ku.dk (M.S. Johnson).   

1 Current address: Department of Geology, Lund University, SE-22362 Lund, Sweden. 

Contents lists available at ScienceDirect 

Environment International 

journal homepage: www.elsevier.com/locate/envint 

https://doi.org/10.1016/j.envint.2022.107621 
Received 19 June 2022; Received in revised form 12 October 2022; Accepted 7 November 2022   

mailto:msj@chem.ku.dk
www.sciencedirect.com/science/journal/01604120
https://www.elsevier.com/locate/envint
https://doi.org/10.1016/j.envint.2022.107621
https://doi.org/10.1016/j.envint.2022.107621
https://doi.org/10.1016/j.envint.2022.107621
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Environment International 171 (2023) 107621

2

of PM2.5 should not exceed 5 μg m− 3, and 24-h average exposures should 
not exceed 15 μg m− 3 more than three times a year (WHO, 2021). 
However, these guidelines were created for ambient air and their sig-
nificance may differ for specific micro-environments. 

Typically, particulate matter concentrations are higher in cities than 
in rural areas, due to both primary sources such as industrial processes, 
transportation and waste management (Srimuruganandam and Shiva 
Nagendra, 2012), and secondary production from gaseous pollution 
within the atmosphere. For example, citizens are typically exposed to 
PM2.5 concentrations of around 30 μg m− 3 in London (Pfeifer et al., 
1999; Adams et al., 2001), while the 2021 annual average across all 
PM2.5 monitors of the Automatic Urban and Rural Monitoring Network 
in England was 8.4 μg m− 3. Paradoxically, underground metro systems, 
which contribute to improved ambient air quality relative to other 
transport methods (Li et al., 2019; Xiao et al., 2020), often expose their 
users to dramatically elevated PM pollution levels. During the last two 
decades a series of studies, mainly focused on large European cities, 
found highly elevated particle concentrations in various metro systems. 
Saunders et al. mapped the entire London Underground and found 
average PM2.5 concentrations of 68 μg m− 3 and 306 μg m− 3 in shallow 
and deep lines, respectively (Saunders et al., 2019), confirming the 
initial measurements of previous researchers (Pfeifer et al., 1999; Adams 
et al., 2001; Seaton et al., 2005). Similarly high concentrations have 
been found in carriages and on platforms in other European cities 
(Querol et al., 2012; Cartenı ̀ et al., 2015; Johansson and Johansson, 
2003), South Korea (Sohn et al., 2008; Jung et al., 2010) and in the 
United States (Vilcassim et al., 2014; Luglio et al., 2021). 

The toxicity of particles and their overall health impact is dependent 
on their size and composition as well as their concentration (Kelly and 
Fussell, 2015). The chemical composition of particles from metro sys-
tems is dominated by iron-containing compounds in all studies investi-
gating it. In London, 47 - 71 % of particles by mass were found to consist 
of iron oxide (Seaton et al., 2005; Smith et al., 2020). Smith et al. 

determined the remaining constituents as 14 % various metal and 
mineral oxides, 11 % organic carbon and 7 % elemental carbon. This 
pattern differs significantly from the composition in London’s urban 
background, which, due to similar sources, can be expected to resemble 
other urban backgrounds, and includes 35 % organic carbon, 18 % ni-
trate, 11 % sulfate, 9 % ammonium, 7 % chloride and 4 % sodium 
(Bohnenstengel et al., 2015). Together with the much higher relative 
concentrations, this implies that particles in a metro system are pro-
duced locally underground. There is potential for particles generated in 
metro systems to be more hazardous to health than other particles, due 
to their oxidative potential, but this is not yet fully understood (Loxham 
and Nieuwenhuijsen, 2019; Moreno et al., 2015; Kelly and Fussell, 2015; 
Carslaw et al., 2019). Due to the high particulate concentrations and 
their potential toxicity more research into the health impacts of metro 
travel should be conducted (Smith et al., 2020). In Copenhagen (CPH), 
where this study is conducted, urban background pollution levels are 
relatively low, at 13-16 μg m− 3 on average (Ellermann et al., 2020), 
meaning that areas, such as metro systems, with elevated concentrations 
will have a greater proportional impact on total exposure for those that 
use them. 

The Copenhagen Metro system consists of four lines with features 
that are helpful for investigating the influence of different designs. An 
overview of the M-lines (M for metro) is shown in Fig. 1. The M1 and M2, 
opened in 2002, both begin above ground, continue underground in the 
city center and then resurface. The new M3 line, opened in 2019, 
operates in a closed and fully underground loop that shares six stations 
with the M4, which separates from the loop, continuing to a single 
outdoor station. Where M1/M2 lines and M3/M4 lines cross, their trains 
stop in different sections of the stations. Operating without a fixed 
timetable, M1 and M2 trains arrive every three minutes at any under-
ground station, while M3 trains arrive every four to five minutes (Met-
roselskabet, 2022). 

The pollution levels inside the Copenhagen Metro have not 

Fig. 1. Overview of the four lines of the Copenhagen Metro. ”Copenhagen Metro 2020” by Tomtom24 is licensed under the Creative Commons Attribution-Share 
Alike 4.0 International license. Grey areas indicate stations above ground. 
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previously been studied (or published) to the authors’ knowledge. The 
aim of this study is to rectify this by measuring the concentration and 
composition of PM2.5 on the Copenhagen Metro on both trains and 
platforms, using mobile monitors with high time-resolution. Carbon 
dioxide (CO2) was also measured, as an indicator of the balance between 
respiration and ventilation, as well as other parameters, using low-cost 
sensors (LCS). The results of these measurements are presented in this 
paper together with a description of the techniques and validation 
through calibration with reference instruments. Finally we discuss the 
implications of the measurements, both for travellers in Copenhagen, 
and for users of similar metro systems. Comparing the pollution between 
lines and assessing the effects of different tunnel designs, in combination 
with CO2 measurements, for an evaluation of the ventilation system, can 
help in making general conclusions about pollution in underground 
transportation systems and inform recommendations for improvements 
leading to reduced exposure and better air quality. 

2. Methodology 

2.1. Instrumentation and calibration 

For all particle measurements, a DustTrak DRX Aerosol Monitor 
8533 (TSI Inc, Shoreview, MN) was used. Prior to the campaign, the 
instrument was calibrated with A1 test dust by the manufacturer, ac-
cording to ISO 121031–1. As the chemical composition of particles in the 
Metro was expected to differ from that of A1 test dust, so were their 
optical properties. Therefore, inter-calibration against gravimetric 
samples from the Metro was used to adjust the calibration. Additional 
sampling was carried out using a GilAir 5 personal sampling pump 
(Sensidyne, St. Petersburg, FL) with disposable parallel particle impac-
tors for PM2.5 measurements, designed for a flow of 4 min− 1 (SKC, 
Eighty Four, PA). The impactors were loaded with 37 mm Polytetra-
fluoroethylene (PTFE) filters with a pore size of 2.0 μm (SKC) and a 37 
mm stainless steel support pad (SKC). The calibration and flow moni-
toring were performed using a Series 4100 flow meter (TSI) with a 
resolution of 0.001 min− 1 and the filters were weighed using a MT5 
micro-scale (Mettler Toledo, Columbus, OH) with a resolution of 1 μg. 

Along with the DustTrak, four prototypes of Personal Exposure 
Monitor (PEM) nodes (ScioSense, Eindhoven, The Netherlands) were 
used to measure CO2 in ppm with a TelAire T6713 nondispersive 
infrared sensor (Amphenol Advanced Sensors, St. Marys, PA). All sensors 
were calibrated for CO2 against a Gasera One photoacoustic trace gas 
monitor (Gasera, Turku, Finland) prior to field measurements. The re-
sults can be found in the supplementary information. Additional mea-
surements with the PEM nodes and the performance of additional low- 
cost sensors (Bulot et al., 2020) in the Copenhagen Metro are dis-
cussed in part 2 of this publication: Low-Cost Sensors and Micro- 
Environment Classification (Russell et al., 2022). 

2.2. Study site and protocol 

Calibration measurements were carried out at three stations selected 
to exhibit high, medium, and low particle concentrations, respectively, 
based on prelimenary measurements: Forum, Nørrebros Rundell and 
Kongens Nytorv. Before weighing, the PTFE filters were conditioned in a 
climate-controlled room with a temperature of 20 ◦C and a relative 
humidity of 47.7 % pre- and 50.0 % post-sampling. At the stations, the 
DustTrak was zero- and flow-calibrated and then placed next to the 
sampling pump with impactor. Both instruments were then started and 
stopped at the same time. Based on the concentration measured by the 
DustTrak, the measurement at Forum was timed to collect approxi-
mately 750 μg of particle mass, corresponding to 22.4 h of sampling over 
three consecutive days. Similarly, 19.2 h of sampling over three days at 
Nørrebros Rundell were aimed at 500 μg mass and 12.0 h of sampling 
over two days at Kongens Nytorv were expected to yield 250 μg. 

Two types of measurements were performed for this study: station 

and train measurements. All measurements were carried out between 
09:00 and 14:00, which corresponds to operation outside rush hour, 
according to the metro timetable (Metroselskabet, 2022). On each 
measurement day, the DustTrak was first zero- and flow-calibrated and 
the PEMs were turned on at least one hour before the start of data 
collection to allow them to warm up. 

For station measurements, the sampling equipment was placed at a 
central location in the respective station and left to measure for 20 min, 
before continuing to the next station. In one measurement day, data was 
collected either from M1 and M2 stations or M3 and M4 stations. The 
specific times and stations are listed in Table 1. 

Train measurements covered the entire metro network in one day 
and were performed in the middle of the respective trains. Measure-
ments commenced at Vanløse by taking the M1 to Vestamager and back 
and continued with the M2 to the airport (Københavns Lufthavn) and 
back. After travelling to Frederiksberg, the M3 was taken clockwise and 
counterclockwise, followed by a journey from København H to Orientkaj 
and back with the M4. The entire protocol was executed four times, as 
specified in Table 1. 

2.3. Data analysis 

From the gravimetric calibration measurements, an average con-
centration cavg based on collected particle mass was determined with Eq. 
1: 

cavg =
Δm

Q × t
(1)  

Where Δm is the collected mass on the PTFE filter, Q is the flow rate of 
4.0 min− 1 and t is the sampling time. A correction factor for the DustTrak 
data was obtained by applying a linear regression model to the com-
parison between gravimetric and optical measurements. 

Using written logs and timestamps from the respective measurement 
days, the corrected concentrations were then attributed to locations 
within the Metro system and graphically summarised using Python. 
Linear regression models for the calibration, and to investigate the 
relationship between PM2.5 concentrations and the tunnel exit distance, 
were created with the scikit-learn package (Pedregosa et al., 2011), 
which uses ordinary least squares linear regression. Implicit in using 
linear regression is the assumption that the data has a normal distribu-
tion, which has been validated for our data in Figure S2 in the supple-
mentary material. 

Table 1 
Overview of field data collection days during the measurement campaign. 
Named stations without asterisk lie below ground.  

Measurement Date Time Stations 

M1/M2 stations   

Lindevang*, Fasanvej, 
31.03.21 10:00–13:56 Frederiksberg (M1/M2), Forum,   

Nørreport, Kongens Nytorv (M1/ 
M2), 

23.04.21 09:34–13:20 Christianshavn, Amagerbro   
Lergravsparken and Øresund* 

M3/M4 stations   

Vibenshus Rundell, Nørrebro, 
26.03.21 10:30–13:44 Nørrebros Rundell,   

Frederiksberg (M3), København H, 
22.04.21 09:24–13:03 Kongens Nytorv (M3), Østerport,   

Nordhavn and Orientkaj* 

Inside trains 

25.03.21 09:55–13:33 

All stations 30.03.21 09:17–13:27 
20.04.21 09:40–13:03 
21.04.21 09:35–13:03 

*Above ground 
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3. Results and discussion 

3.1. Calibration, particle size and elemental composition analysis 

A calibration factor of 1.84 is determined for PM2.5 concentration 
measurements with the DustTrak, which is already indicative of the 
particle composition, as it is a measure of the particle’s density relative 
to A1 test dust, which is used for the factory calibration and has a density 
of 2.65 g cm− 3 (DMT GmbH, 2021). In metro systems, the particle 
composition can be expected to be dominated by iron containing com-
pounds, specifically iron (III) oxide (Smith et al., 2020; Moreno et al., 
2015), which has a density of 5.24 g cm− 3, 1.98 times higher than that of 
A1 test dust. 

The DustTrak measures particles in the four size fractions PM1, 
PM2.5, PM4 and PM10 with an approximate range of 0.1 to 10 μm (TSI 
Incorporated, 2019). Using transmission electron microscopy, Seaton 
et al. found that 80 % of particles in the London Underground had an 
actual diameter smaller than 1 μm, which has been explained by train 
wheel-rail interactions generating particles with diameters between 
0.25 and 1 μm (Seaton et al., 2005;(Sundh et al., 2009) and disc brake 
particles as small as 50 nm (Abbasi et al., 2011). The aerodynamic 
diameter of the heavy, iron-rich particles may be underestimated by the 
measurement method of Seaton et al., but also the PM1 concentrations in 
this study represented at least 90 % of the PM2.5 concentration for the 
majority of the time(Seaton et al., 2005), which was also the case for 
Querol et al. in Barcelona (Querol et al., 2012). Similar to other metro 
studies, which were either performed with purely gravimetric mea-
surements (Adams et al., 2001; Johansson and Johansson, 2003) or with 
optical equipment of similar sensitivity (Moreno et al., 2014; Cartenı ̀ 
et al., 2015; Vilcassim et al., 2014; Smith et al., 2020; Querol et al., 
2012; Saunders et al., 2019), it is decided to focus on PM2.5 as the most 
health-relevant fraction. With the size distribution reported by Seaton 
et al. (2005), the negligible contribution of particles smaller than 0.1 μm 
to the PM2.5 mass concentration and the established use of similar op-
tical equipment, the DustTrak was found to appropriately capture the 
most relevant fraction of particulate matter in the Metro, especially in 
connection with the good fit of the performed calibration. High relative 
humidity (< 65 %) is known to interfere with optical PM measurements 
(Cartenı ̀ et al., 2015; Chakrabarti et al., 2004; Crilley et al., 2018; Vogt 
et al., 2021). However, during this study, relative humidity remained 
below 65 % for all measurements, and therefore a humidity correction 
was not applied to the data. 

As expected from other studies (Seaton et al., 2005; Querol et al., 
2012; Jung et al., 2010; Moreno et al., 2015; Zhang et al., 2011; Aarnio 

et al., 2005; Kang et al., 2008; Jung et al., 2012; Revuelta et al., 2014), 
elemental analysis using particle-induced X-ray emission (PIXE) analysis 
shows a clear dominance of iron (86.5 – 90.1 mass percent relative 
abundance) among the 20 elements analysed: Si, P, S, Cl, K, Ca, Ti, V, Cr, 
Mn, Fe, Ni, Cu, Zn, Ga, Ge, As, Se, Br and Mo. This is shown as a Pie chart 
in Figure S9. The other elements present in greater proportions than 
expected for ambient air are Cu at 1 %, which is indicative of wear from 
brake pads or the contact rails and contact shoes of the 750 V third rail 
electrification system, as well as Mn, also at 1 %, which is associated 
with wheel-rail interactions (Moreno et al., 2017). Ambient PM2.5 
composition measurements in Copenhagen (Ellermann et al., 2013) and 
other areas in Denmark (Ellermann et al., 2020) do not have this iron 
dominance, being predominantly carbon by mass and with lower iron 
percentage (not quoted directly, but contained within a category for 
’unknown’ which is < 27 % in total) (Ellermann et al., 2020; Ellermann 
et al., 2013). 

This, together with the elevated concentrations, strongly suggests 
that the particles in the Copenhagen Metro originate from the system 
itself, where they are generated via mechanical interactions between 
tracks, wheels, and break pads, as well as contact rails and contact shoes 
in the electrification system, which are all between 50 – 95 % Fe by 
weight. Similar findings have been published for analogous systems 
(Sundh et al., 2009; Abbasi et al., 2011; Kang et al., 2008; Midander 
et al., 2012). 

3.2. Station measurements 

Fig. 2 shows the PM2.5 concentrations on M1 and M2 stations, which 
appear to be offset by 58 μg m− 3 on average between the two measure-
ments days, but exhibit the same pattern. Lindevang and Øresund are 
elevated outside stations with near identical concentrations for each day. 
They are expected to have similar PM concentrations to the urban street 
level measurements, represented by one of Copenhagen’s busiest streets, 
H. C. Andersens Boulevard (HCAB). There, the PM2.5 concentration was 
7.6 μg m− 3 on the 23rd of April (Ellerman, 2022), similar to the con-
centrations of the outside stations. With a concentration of 20.7 μg m− 3 on 
the 31st of March (Ellerman, 2022), the urban street measurement was 
twice as high, but still far below the elevated concentrations seen at the 
stations. However, the calibration factor needs to be considered: the 
composition of outdoor particles is likely to differ from that of the heavy 
Metro particles, leading to an overestimation of PM concentrations. 

Fasanvej and Frederiksberg are both the first two underground sta-
tions when entering Copenhagen from the northwest and shallow 
compared to the other underground stations (Boye, 2002), therefore 

Fig. 2. PM2.5 concentrations on different M1 and M2 stations from two different measurement days. The median and mean are represented by a white line and a 
white cross, respectively, while the lower and upper box limits correspond to the lower and upper quartiles. Outliers are shown for data points exceeding the upper 
quartile plus 1.5 times the interquartile range (IQR) and data points lower than the lower quartile minus 1.5 times the IQR. The grey areas indicate the two above 
ground stations Lindevang and Øresund. The remaining stations lie below ground. 
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exhibiting concentrations close to the outside station Lindevang on both 
measurement days. Forum, however, is the most polluted station in the 
entire network, exhibiting a huge concentration leap compared to 
Frederiksberg. Nørreport, Kongens Nytorv, Christianshavn and Ama-
gerbro all share average concentrations around 150 μg m− 3 on the first 
measurement day and behave similarly on the second, with the excep-
tion of Amagerbro, which has a significantly lower concentration. Ler-
gravsparken was only measured in April and had an average 
concentration between those of Amagerbro and Øresund, as one would 
expect. 

A pattern already suggested by Fig. 2 emerges more clearly by 
relating the PM2.5 concentration with the distance to the next tunnel 
exit. This is shown in Fig. 3, where the colors of the individual stations 
relate to those used in the box-plots of Fig. 2. Apart from the offset, 
measurements from both days suggest a similar increase in particle 
concentrations with increasing distance from a tunnel opening. A sig-
nificant impact on the distribution and accumulation of the pollution 
causing this pattern can be expected from the piston effect, which is a 
well-known concept in subway environmental design (Lin et al., 2008; 
López González et al., 2014; Pan et al., 2013; Moreno et al., 2014). Due 
to the confined space in subway tunnels, trains push air in front of them 
and generate a negative pressure vortex behind, which draws in air from 
tunnel openings and down draught relief shafts located throughout 

subway lines. The piston effect helps ventilate tunnels and is most pro-
nounced at the exits, where fresh air is directly sucked in or polluted air 
is directly pushed out. Stations located centrally in the tunnel, on the 
other hand, are surrounded by equally polluted regions and here the 
benefit from this effect is marginal. The two graphs suggest that the 
PM2.5 concentration does not increase further after a distance of 
approximately 3000 m from the nearest tunnel exit with Forum exhib-
iting exceptionally high PM2.5 concentrations. This distance can there-
fore be seen as a limit for the impact of the piston effect, which appears 
to only improve the air quality of stations closer to the exit, leaving 
about 4 km of the tunnel unaffected. While draught relief shafts are 
located throughout the tunnel, the increasing PM2.5 concentrations with 
increasing distance from the nearest tunnel exit suggest that their impact 
is minimal compared to the air exchanged by the piston effect at tunnel 
openings. In reality, the system appears to be more complex and not all 
of the variability can be explained by this simple correlation, as evident 
in the R2 values. Station depth was not considered as an influencing 
factor, since there are six deep underground stations with a depth of 
about 18 m and one with a depth of about 20 m (Boye, 2002). 

Because of good inter-calibration for low-cost sensor CO2 data (Fig-
ures S4 and S5) and a greater interest in trends rather than absolute 
values, only the station concentrations of one sensor, the ScioSense 
PEM13, are summarised in Fig. 4. The measurements show a clear 

Fig. 3. Average PM2.5 concentrations at different M1 and M2 stations on two different measurement days in relation to their distance from the nearest exit with 
information from (Navitime Transit, 2022; Plotaroute.com, 2022). A distance of zero corresponds to an elevated station, which is outside the tunnel. The colours of 
the individual data points correspond to the colours used in Fig. 2. 

Fig. 4. CO2 concentrations for different M1 and M2 stations from two different measurement days, measured by ScioSense PEM13. The data were baseline corrected 
to align outdoor CO2 concentrations with ambient concentration of 410 ppm. The median and mean are represented by a white line and a white cross, respectively, 
while the lower and upper box limits correspond to the lower and upper quartiles. Outliers are shown for data points exceeding the upper quartile plus 1.5 times the 
interquartile range (IQR) and data points lower than the lower quartile minus 1.5 times the IQR. The grey areas indicate the two above ground stations Lindevang and 
Øresund. The remaining stations lie below ground. 
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increase of the CO2 concentration towards the center of the tunnel with 
concentrations at outside stations on either side resembling the ambient, 
urban background. As the trains are powered by electricity, CO2 emis-
sions originate only from people, which makes the observed pattern a 
reflection of the increasing numbers of passenger towards the city cen-
ter, as well as an imperfect ventilation system, although the observed 
concentrations are well below the recommended limit (ASHRAE, 2019). 
The fact that this is not achieved for PM2.5 hints towards carriage 
ventilation with unfiltered or insufficiently filtered tunnel air. A 
description of the M1/M2 tunnel ventilation system is provided in the 
Proceedings of the Copenhagen Metro Inauguration Seminar (Boye, 
2002). Here it is described how each of the deep underground stations 
are serviced by two draught relief shafts which passively ventilate the 
station via the piston effect. While fans are installed within the shafts, 
they are only used in case of an incident. There are additional shafts 
between the underground stations, to ensure that emergency exits are at 
regular intervals, but only some of these contain ventilation equipment. 

The PM2.5 concentrations at M3 stations are summarised in Fig. 5. 
Notice the break in the y-scale of Fig. 5A, implemented due to the un-
naturally high PM2.5 concentration on the first measurement day, which 
is likely to have been caused by another source, such as cigarette smoke 
or an aerosolised cleaning agent, since it was not reproduced on the 
second measurement day, during the calibration measurements or dur-
ing the train measurements. Apart from this anomaly, all M3 stations 
exhibit similarly high PM2.5 concentrations within a day, which is ex-
pected for a closed and fully underground tunnel loop, although a 
certain degree of variability caused slightly higher concentrations on the 
first measurement day. Nordhavn and Orientkaj are M4 stations, the 
latter being elevated and therefore exhibiting a PM2.5 concentration 
close to the urban street level measurement of 10.3 μg m− 3 at HCAB that 
day (Ellerman, 2022). Similar to the M1 and M2, station depth was not 
considered to have an influence on PM2.5 concentrations, as all stations 
are located at a similar depth of about 19 m (Railway Technology, 
2020). No information about the M3/M4 tunnel ventilation systems was 
available online, but if it resembles that of the M1 and M2 (Boye, 2002), 
it may be prone to similarly insufficient air exchange through draught 
relief shafts, in addition to its lack of open tunnels. 

Fig. 6 shows the CO2 concentrations measured on the M3 and M4. 
Again, only data from ScioSense PEM13 are shown. Overall, CO2 con-
centrations vary little between stations and are generally low, differing 
little from the outside concentration measured at Orientkaj. This may 
possibly be explained by lower passenger numbers (Larsen and Ploug-
mann Olsen, 2019). 

On average, PM2.5 concentrations are higher on the M3 stations than 

on the stations of the M1 and M2, the major difference being the oper-
ation of the M3 in a closed and fully underground circle, resulting in 
consistently high particle concentrations, while the M1 and M2 surface 
on both sides of their tunnel, leading to a decrease of PM2.5 towards 
ambient concentrations. Van Ryswyk et al. showed that the PM2.5 con-
centration increased by 6.3 - 8.6 % per km from the tunnel exit in 
Toronto and Vancouver (Van Ryswyk et al., 2017). In Copenhagen, 
PM2.5 concentrations do not appear to increase further beyond a dis-
tance of 3000 m to the nearest tunnel exit, highlighting the limitations of 
the piston effect. At the same time, the CO2 concentration in the M3 
remains at a constant, low value, while a rising concentration towards 
the middle of the tunnel is observed for the M1 and M2 lines. 

The general conclusions from previous studies have been that factors 
such as line depth and age, number of station entrances, distance from 
exits, and rolling stock design, are correlated with the pollution levels 
across a metro network (Saunders et al., 2019; Querol et al., 2012; Smith 
et al., 2020; Van Ryswyk et al., 2017; Pétremand et al., 2022). There are 
also methods that have been suggested to be used actively to lower 
pollution levels, such as increased cleaning (both surfaces and air 
filtration), separation of lines and platforms with screen doors, and 
designs that minimise heavy braking by the trains (Moreno and de 
Miguel, 2018). The Copenhagen Metro system was therefore expected to 
have pollution levels at the lower end of the range for a metro network 
with enclosed sections, due to its having been built relatively recently 
(the M1 and M2 lines were completed in 2002 and the M3 line opened in 
2019), the platform screen doors which are employed at the stations, 
and the fact that Copenhagen is very flat. The relatively high under-
ground PM concentrations across all lines therefore stand out against 
other modern metro lines, for instance the new lines in the Barcelona 
Metro, where an average concentration of 46 μg m− 3 was measured 
(Querol et al., 2012). This is due to the constant ventilation that is 
implemented in Barcelona and necessitated by the otherwise accumu-
lating heat in the system. Increased ventilation power was shown to 
further decrease PM2.5 concentrations, an effect which is also evident in 
the seasonality of PM2.5 concentrations in Montreal, Canada: high 
temperatures in summer necessitate increased ventilation, which leads 
to lower pollution levels (Van Ryswyk et al., 2017). The measurements 
in the M3 line were carried out one year and eight months after its 
inauguration, so the measured particles cannot be older than that. 
Indeed, previous studies in Stockholm and Toronto found that newly 
opened stations exhibited PM2.5 concentrations comparable to pre- 
existing stations within three months or a year, respectively (Cha 
et al., 2019; Van Ryswyk et al., 2021). The two systems are comparable 
to the Copenhagen Metro, since they are also located deep underground 

Fig. 5. PM2.5 concentrations on different M3 and M4 stations from two different measurement days. The median and mean are represented by a white line and a 
white cross, respectively, while the lower and upper box limits correspond to the lower and upper quartiles. Outliers are shown for data points exceeding the upper 
quartile plus 1.5 times the interquartile range (IQR) and data points lower than the lower quartile minus 1.5 times the IQR. Notice the break in the y-scale of Fig. 5A. 
The grey area indicates the above ground station Orientkaj. The remaining stations lie below ground. 
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and rely on the piston effect for tunnel ventilation (Ramböll et al., 2015; 
Health Canada, 2022), resulting in high concentrations of ferruginous 
particles. The establishment of high PM2.5 concentrations quickly after 
the opening of new stations or lines also confirms the in situ production 
of these particles, therefore diminishing the contribution of resus-
pension and therefore the effectiveness of regular cleaning. Mechanical 
ventilation, on the other hand, has been shown to dramatically improve 
the air quality of metro systems otherwise reliant on the piston effect 
(Martins et al., 2015). There appears to be a general divide between 
underground metro systems with mechanical ventilation and those that 
rely on the piston effect. With examples from Barcelona (Querol et al., 
2012) and Montreal (Van Ryswyk et al., 2017), systems with mechanical 
ventilation generally exhibit lower particle concentrations than those 
relying on the piston effect, such as those in Toronto (Van Ryswyk et al., 
2017,2021), London (Saunders et al., 2019), several cities in the US 
(Luglio et al., 2021), and now evidently Copenhagen as well. 

3.3. Train measurements 

Additional sampling was carried out inside trains across the entire 
network, according to the train measurement protocol. Inter-day com-
parisons can be found in the supplementary material (Figures S6 - S8); 
the general pattern is similar during all four measurement days and is 
well represented by the data from the 20th of April 2021, which is 

displayed in Fig. 7. The colors green, yellow, red and blue correspond to 
the M1, M2, M3 and M4, respectively, and darker shades represent 
sections below ground. As expected from the station data, below ground 
sections are easily identified by higher PM2.5 concentrations. This is not 
only true for the M1 and M2, but also for the M4, although to a lesser 
extent, as it has only one station above ground, at which it stops briefly. 
In both the M3 and M4 trains the PM2.5 concentrations remain consis-
tently high, above any observed in-train concentration for the M1 and 
M2, and with an average concentration above those of the M3 stations. 
The CO2 concentration paints a different picture: while it remains 
consistently low in the M3 and even lower in the M4, high peaks are 
observed in the M1 and M2. However, the peaks occur shifted in time 
(and therefore location) to those of the PM2.5 concentration, either at the 
end of a below ground section or even above ground. 

PM2.5 concentrations in trains were mostly as high or higher than at 
platforms. Querol et al. found that the opposite was true in Barcelona, 
where in-train concentrations were five times lower than platform 
concentrations. Inside the newest trains, PM2.5 concentrations were 
even lower than at urban background sites (Querol et al., 2012). Simi-
larly, Cartenıèt al. and Pétremand et al. found lower, average PM2.5 
concentrations in trains compared to those at platforms in Naples and 
Paris, respectively (Cartenı ̀ et al., 2015; Pétremand et al., 2021). The 
distinguishing feature between these systems and the Copenhagen 
Metro is that the latter has platform screen doors installed, which can 

Fig. 6. CO2 concentrations at M3 and M4 stations on two measurement days measured with the ScioSense PEM13. The data are baseline corrected to align the 
outdoor CO2 value with an ambient concentration of 410 ppm. The median and mean are represented by a white line and a white cross, respectively, while the lower 
and upper box limits correspond to the lower and upper quartiles. Outliers are shown for data points exceeding the upper quartile plus 1.5 times the interquartile 
range (IQR) and data points lower than the lower quartile minus 1.5 times the IQR. The grey area indicates the above ground station Orientkaj. The remaining 
stations lie below ground. 

Fig. 7. PM2.5 and CO2 concentrations inside trains covering the entire Metro network, measured with the DustTrak and ScioSense PEM13. The data is colour coded 
with light green for the M1 outside, dark green for the M1 below ground, light yellow for the M2 outside, dark yellow for the M2 below ground, red for the M3, light 
blue for the M4 outside and dark blue for the M4 inside. 
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lead to the accumulation of particulate matter in trains (Son et al., 
2014). 

A possible explanation for the observed patterns is a carriage venti-
lation system using tunnel air to supply oxygen to train carriages. This 
would constantly pull polluted air into the train, causing concentration 
peaks below ground, which decrease again towards tunnel exits due to 
fewer particles in the air. The observation of exponential decay in in- 
train PM pollution concentrations when a train surfaces is consistent 
with the constant carriage ventilation theory. The 2020 corporate social 
responsibility report from the Copenhagen Metro administration con-
firms that the air in all carriages is exchanged at least 14 times per hour 
(Larsen and Plougmann Olsen, 2020) and the metro service confirmed 
that the air is taken directly from the tunnels (Metroselskabet, 2022). 
The CO2 concentration, on the other hand, depends on occupation and 
builds up over time, leading to a later peak. In the newer M3, improved 
carriage ventilation may be in place, maintaining a lower CO2 concen-
tration, while creating a PM2.5 concentration inside the train which is 
presumably similar to the tunnel concentration. PM2.5 concentrations in 
the tunnels are poorly controlled by the reliance on passive ventilation 
with draught relief shafts (Boye, 2002). This theory is supported by 
looking at the two pollutants in the M4. The PM2.5 concentration 
strongly decreases during the short stop above ground, benefiting from 
the clean air outside, while the CO2 concentration remains unaffected. 
One would also expect similar PM2.5 measurements for a given train 
frequency, while CO2 concentrations must be strongly dependent on the 
number of riders, which likely explains the variability between the four 
days of train measurements in this study. 

4. Conclusion 

The high PM2.5 concentrations came as a surprise, due to the 
modernity of the Metro system, especially the M3 and M4, as pollution 
in metro systems was a known issue well before operations began 
(Adams et al., 2001; Aarnio et al., 2005; Johansson and Johansson, 
2003). All measurements were performed outside rush hour times and it 
is therefore likely that commuters are exposed to even higher PM2.5 
concentrations than those reported here, as several studies found more 
frequent trains to cause higher levels of pollution (Smith et al., 2020; 
Querol et al., 2012; Kwon et al., 2015). The high concentrations espe-
cially stand out compared to the average ”busy street” value of 11 μg 
m− 3 on HCAB during the two months of the measurement campaign 
(Ellerman, 2022). However, looking at the design of the Copenhagen 
Metro, the bad air quality is not surprising at all. Our study showed that 
platform screen doors alone do not prevent metro stations from being 
polluted, although this lowered platform PM concentrations in Naples 
(Cartenı ̀ et al., 2015), Barcelona (Moreno et al., 2015), Seoul (Jung 
et al., 2010) and London (Smith et al., 2020). However, studies from the 
Seoul Metro system have concluded that, while improving station air 
quality, platform separation doors lead to increased in-train particle 
concentrations (Son et al., 2014; Lee et al., 2016). They may therefore 
not be considered as helpful for improving air quality, since the metro 
environment as a whole stays polluted. In Copenhagen, M3 trains have a 
higher average PM2.5 concentration (219 ± 51 μg m− 3) than M3 stations 
(168 ± 135 μg m− 3, see Table S2), supporting this theory. The average 
PM2.5 concentration in M1/M2 trains (88 ± 37 μg m− 3) on the other 
hand is lower than at M1/M2 stations (109 ± 66 μg m− 3), which may be 
due to the unexplained offset on the first station measurement day or 
due to the piston effect, which may keep the M1/M2 tunnels slightly 
cleaner than the stations. Similar to other recently opened stations in 
Stockholm and Toronto (Cha et al., 2019; Van Ryswyk et al., 2021), the 
newly opened M3 line quickly reached PM2.5 concentrations typical for 
deep underground stations and even surpassed the older M1 and M2 
lines. The quickly established, high particle concentrations imply that 
the majority of airborne particles is generated in situ and not a product 
of resuspension. Station cleaning as suggested by Moreno and de Miguel 
(2018) would therefore only be expected to improve the air quality 

slightly and the benefits would be short-lived, as pre-cleaning PM con-
centrations would quickly be re-established. PM2.5 concentrations are 
higher in the newly opened M3 line due to the fully underground, closed 
ring structure of its tunnel and the reliance on passive ventilation via the 
piston effect, which is already insufficient for supplying the open tunnel 
lines with fresh air. This is problematic, because the carriages are 
constantly exchanging air with the tunnel (Larsen and Plougmann 
Olsen, 2020). It was also shown that the piston effect appears to lose its 
impact with distance and does not improve air quality at stations further 
away than 3000 m from the nearest tunnel exit leaving about 4 km of the 
M1/M2 tunnel unaffected. 

The ultimate goal of a pollution study like this is to solve the 
pollution issue. In cooperation with the Metro service, measures should 
be taken to control PM levels through a combination of source control 
and improved clean air supply through the ventilation systems. Ideally, 
particles would be suppressed directly at the source, but improved 
ventilation and air filtration are measures that can be easily imple-
mented in any metro system with a similar system and has the potential 
to immediately improve the air quality and therefore lower possible 
health risks for staff and passengers. Tunnel ventilation with outside air 
could be improved by using the fans installed in the draught relief shafts 
(which currently only operate during emergencies) to actively exchange 
tunnel and outdoor air (Boye, 2002; Tu and Olofsson, 2021). Mechanical 
ventilation has been shown to be greatly superior opposed to a sole 
reliance on the piston effect for air exchange (Martins et al., 2015; 
Moreno et al., 2017; Querol et al., 2012). Metro systems with mechan-
ical ventilation for climate control generally exhibit lower PM2.5 con-
centrations than those relying on the piston effect (Querol et al., 2012; 
Van Ryswyk et al., 2017; Luglio et al., 2021; Saunders et al., 2019). 
However, it should be noted that the energy cost of continual ventilation 
can be considerable, novel approaches are being investigated to econ-
omise its use (Health Canada, 2022). At the same time, the ventilation 
system of the trains themselves can be equipped with air filtration sys-
tems, which can prevent the pollution from the tunnels being passed on 
into the carriages (Park et al., 2013). This may be an additional, effec-
tive, and immediate measure against particulate matter in metro sys-
tems, particularly when exchanging with outdoor air is not optimal, for 
instance during winter. 
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