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1. INTRODUCTION

Ambient particulate matter (PM) present in the subway environment can originate from different
sources and processes, producing a complex mixture of inhalable aerosols that is driven through
the underground network on air currents induced by train movemandl ventilation systems.
Much of this "subway PM" is generated by mechanical wear and friction processes at the ralil
wheelbrake and catenarpantograph interfaces. However other sources can be important, such
as the dust contribution arising from nightitnel maintenance work, and by the infiltration
below ground of outdoor trafficontaminated city air.

An important objective of the measurement campaigns designed under the IMPROVE LIFE
sampling program has been to focus on the differaaintributors to the mixed airborne
materials present underground. Not only has the project investigated how PM concentrations on
LX I GF2N¥a |yR Ay GNIXAya INB AyFfdsSyOSR o0& (NI A
OGN yAASY (G aLI2ftf dzi A 2 yenaBc® gk aut it Hay scduddaied @ BugeY I A y
database of oveb00 chemical analyses of ambient PM and source materials (such as brakes).

Such information offers an opportunity for an improved understanding of the various origins of
the continuouslyresuspenéd PM circulating underground, and facilitates the next logical step in
this subway air quality study, namely the development of realistic PM mitigation strategies in
underground trainsystems that will result in cleaner air being breathed by commutershitn

report, therefore, we focus on what the results from the IMPROVE LIFE sampling campaigns can
teach us about the various PM contrilous to particulates breathed underground, and how this
information can help prepamg the ground for the development foprotocols aimed at PM
mitigation andsubwayair quality improvement.

CS]C PM contributors and potential mitigation measures in the subway environmént
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2. METHODOLOGY

2.1. Sampling campaigns schedule

Sampling campaigns were carried out at different metro stations belonging to four subway lines
between January 2015 and November 20Fag(re 1). These campaigns were designed to
specifically investigate the various influences on PM concentrations and compositions ef night
work tunnel maintenance activities, different ventilation protocols, the use of different train
brake pad compositions, antié¢ effect of air purifiers still in experimentaévelopment

Stations selected for study of the effect of tunnel night work on platform air quality

1. Sagrera (L5), a station with two tunnebsach with one rail track and separated by a
middle platform. Airquality measurements were conducted from™20anuary to I April
2015.

2. Santa Coloma (L1), a station with a wide tunnel with two rail tracks. Air quality
measurements were conducted froni October to 3 November 2015.

3. Joanic (L4), a station charadt®yd by one wide tunnel with two rail tracks separated by a
middle wall. Air quality measurements were conducted frofN®vember to 22 December
2015.

4. Palau Reial and Maria Cristina (L3), stations characterized by one wide tunnel with two
rail tracks sparated by a middle wall. Measurements were performed froiApril to 14"
May and from 14 May to 10" June, respectively.

5. Poble Sec (L3), with the same design as Maria Cristina and Palau Reial (Table 1), was

chosen for a@mplingcampaign from 14 September to 14 October 2016.

Stations selected for study of experimentation with ventilation protocols

6. Tarragona station (L3), a station with a wide tunnel with two rail tracks. Two campaigns
were carried out at this station, the first one took plafem 10" June to % July 2015
(warmer period) and the second one from 23 ebruary to O™ April 2016 (colder period) In

both cases the period included one week under an air circulation flow reversed from that of
the normal one.

7. Collblanc station (L9Srom 1" May to 11" July 2016. This platform belongs to the
newest automatic metro line of the city (L9S), opened in February 2016 to connect the city
centre with the airport. This deep station has one rail track only and the platform is fitted with
saeen doors. Ventilation in the new deep stations is stronger than in the older conventional
lines. Measurements were carried out in the platform with and without tunnel ventilation on.

8. Tarragona, Maria Cristina and Palau Reial stations (L3) were alsteddtmctesting the
effect of air purifiers manufactured by two different companiésgnd B. One campaign was
carried out in Tarragona in Februavay 2016, and another in Maria Cristina y Palau Reial

; CS]C PM contributors and potential mitigation measures in the subway environmént
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from 11" October to 18 November 2016. Each purifiszvas tested during a onereek period,
always preceded and followed by one week under standard conditions.

Measurements inside trains

9. To measure the effect on Pl concentrations of using train air conditioning filters
beyond their normal replacement data DustTrak monitor was installed inside an
intermediate driver cabin in two trains of line 3 (L3). Measurements in the train
started when all air conditioner filters were replaced. Filters were changed again after
one month (following the established TMBotocol) but then were left in place in
order to evaluate any effects on air quality by doubling the service life of filters from
one to two months.

Brake emissions

10. Sant lldefons station (L5), with same design as Tarragona station, was sampled from
3 to 29" February 2016. One important characteristic of L5 is that all trains used the
same type of brake shoes, with a known chemical composition, providing an
opportunity toidentify and quantify the contribution of this source to PM levels in the
platforms.

A map showing the location of each of the stations mentioned above is provided by Figure 1,
and further information on the construction year, depth and station design of the metro stations
where measurements have been carried out is summaris@dbie 1.

StColoma

P.Reial u M. Cristina

Q IMPROVE stations

W Urban reference station (PR)
Metro lines
Metro L1

Collblanc

Stlldefo PobleSec

Metro L2
Metro L3
Metro L4

Metro LS
Metro L9
Metro L9|L10
Metro L10

Metro L11

Figure 1. Map of the Barcelona city metro system showing those stations selected for the IMPROVE
project sampling campaigns. The outdoor urban reference station location at Palau Reial is also shown.

CS]C PM contributors and potential mitigation measures in the subway environméht
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Tablel. Main information on the metro stations where sampling campaigns have been carried out in the
framework of the IMPROVE project.

Sagrera Palau Reial C'\fiaslgza Tarragona Cso?c:];?a Joanic I dseaflcr::ls Collblanc ngle
Metro line L5 L3 L3 L3 L1 L4 L5 L9 L3
Opening 1959 1975 1975 1975 1983 1973 1976 2016 1975
Depth 10.5 14.2 13.7 14 12.3 7.6 14 60 14

Station

DD Y M

2.2. Sampling campaigns protocol

The sampling protocol was the same for all the stations included istimdy. Sampling devices
were located at the end of the platform corresponding to the train entry point, behind a light
fence for safety protection (Fige 2), except for Poble Sec where the equipment was placed in
the centre of the platform to minimise sliurbing passengers as the station has two access points
at each end of the platform. The aerosol inlets were placed at around 1.5 m above the ground
level. A high volume sampler (HVS, Model @A¥Sb, MCV) with a PM head was used to
collect PMs sampks for subsequent gravimetric and chemical analysis. Additional
instrumentation included a lightcattering laser photometer (DustTrak, Model 8533, TSI) for
PM;, PMs and PMo (particulate matter with aerodynamic diameter less than 1 ym, 2.5 um and
10 um,respectively) mass concentrations, and an indoor air quality meterQalQ, Model 7545,
TSI) for CO, GOI and RH values.

Figure 2. Examples of the air quality instrumentation used on the platforms of the subway stations.

 CSIC == PM contributors and potential mitigation measures in the subway environmént
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The high volume sampler is equipped with quartz microfiber filters\aasgprogrammed to
sample PMsover 19 h (from 5 a.m. to 12 p.m., subway operating hours) at a sampling flow rate
of 30 n? h’. Field blanks were also collected.

PM: s concentrations were determined gravimetrically using a microbalance (Model XP105DR,
Mettler Toledo) with a sensitivity of £10 pug. The sampled filters areeprelibrated before
weighing for at least 48 h in a conditioned room (20°C and 50% relative tymiBM s
concentrations are determined based on the difference of weight before and after sampling and
the sampled air volume.

2.3. Railtrack renewal activities

The object of this study was to investigate the impact on daytime platform air quality of major
night works involving removal and replacement of the rail track. Such renewal and maintenance
works within tunnels are carried out from 1:00 to 4:00 h CET and from Sunday midnight to early
Friday morning. Our sampling campaign, conducte@®agrerastation, allowed us to observe
both the immediate transient effect of the works in real time during the night, as well as detect
whether or not there was any lingering afteffect on platform PM mass, number and chemistry
during the following day.

Works carriedout in the tunnels on either side of this station aimed to mitigate tunnel track
vibrations by wholesale removal of the railway tracks. This included the replacement of sleepers,
rails, and ballast from the selected station in both directions towardsdtigcent stations of
/ 2y3ANBa FYyR /FYLI RS fQ! NI ® ¢KS g2NJ] LINRBIANFYYS
tunnel sectionsPhase linvolved the disassembly and removal of the old rail track, preparation
of the track and new ballast ready for the neail, and the installation of temporary rails (12 m
sets of preassembled rails+sleeperglhase Zinvolved the laying of the new rail track, ballast
tamping and final welding.

The initial movement of materials into position took place after midnighthanearly morning
of February 18 and Phase 1 work started on the Sagr@angrés tunnel section after midnight
in the early morning of Monday 14 (WEEK 1), continuing throughout the following WEEK 2 and
finishing on Friday 27March.

During the followingwo working WEEKS 3 and 4 (Mondajday March 6" and 913") a
similar Phase 1 rail removal/preparation work programme was repeated in the Sagaena de
f Q! NLJ (Gdzyy St & & March,2aytide bdyiyining & WRBKS, Phase 2 work began
new rail installation (including final welding) in the previously prepared Corgaggera tunnel
section, and this continued until Tuesday 24 March of WEEK 6 when Phase 2 new rail work
switched to the Sagreea I YL RS f Q! N1LJ { dzy y S fthe iok©@antin@ng lip (0 KA &
to the end of the sampling campaign on th&April.

In the case ofSanta Colomastation the work performed involved replacing rails, track
preparation including the application of new ballast followed by welding and final tnaiskifng.
At Joanicstation there was more emphasis on catenary maintenance rather than ballast work,

i CS[C PM contributors and potential mitigation measures in the subway environmént
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and a longer sampling campaign that originally planned was performed due to several
modifications in the works calendar by the rail operators (Table 2).

Table 2. Schedule of the days with renewal works (in black) carried out at the stations of Santa Coloma
(a) and Joanic (b) during the air quality measurements period.

a) October 2015 Nov.
1|12(3|4|5|6(7|8|9|10(11{12(13|14|15|16(17|18(19(20|21|22|23|24|25|26(|27|28|29|30(31|1| 2 |3
Railtrack preparatior]
New rail installation
Welding
Railtrack finishing [
b) November 2015 December 2015
3]a[s]6[7]8]o Lolafizlizfialisfi6l17]1erol20po1l22boaloalslos]o728l0lz0] 1 [2 [3] 4[5 [6 [ 7|8 |9 ofrafiofialiafisie 7aeliofofor]22
Catenary
Railtrack preparatior]
New rail installation ﬂ
Welding [ [ [[TTT]

The addition of ballast to the tunnel ¢falau Reialvas performed from 1:00 to 4:00 h CET
during four nights (24, 27", 29" of April and & of May). A ballast tamper was used on"36f
April to pack the ballast. The renewal of the ballast bed is an important and frequent
maintenance activity in the subway tunnels, because the ballast acts as a support base for the
railroad ties and rails andlals for proper drainage of water away from the rails (Table 3). New
ballast, previously coated with antsuspension polymer, was laid on the tunnel Méria
Cristinaduring three nights (25, 27" and 28" of May), a ballast tamper not being used iristh
case (Table 3). During the night of'2af May, a serious breakdown of the vehicle carrying the
ballast to Maria Cristina, forced the operators to release a large amount of ballast in a section of
tunnel adjacent to the station. Although this except&@revent was not part of the original
sampling plan, it fortuitously provided the opportunity to observe the effect on air quality of
emergency dumping of large amounts of rock ballast, albeit at some distance from the measuring
equipment.

Table 3. Infomation on the activities carried out at the tunnels of Palau Reial and Maria Cristina stations
(L3), indicating the type of activity, the aximum and minimum distance between the activity and the
air quality instrumentation where measurements and activities were carried out.

Maximum Minimum

Date Activity distance (m) Distance (m) Tunnel*

24/04/2015 Ballast addition 520 40 ZUPR

27/04/2015 Ballast addition 520 40 ZUPR

Ballast + water 29/04/2015 Ballast addition 520 40 ZUPR
30/04/2015 Track tamping 520 40 ZUPR

05/05/2015 Ballast addition 520 40 ZUPR

Ballasts water + 25/05/2015 Ballast add?t?on 660 220 PRMC
dustsuppressant 27/05/2015 Ballast add!t!on 660 220 PRMC
28/05/2015 Ballast addition 660 220 PRMC

*ZU: Zona Univeristaria; PR: Palau Reial; MC: Maria Cristina

i CS[C PM contributors and potential mitigation measures in the subway environmdif
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The addition of normal ballast to one side of the tunnePoble Seavas performed during
the nights of 281 and 2% September, followed by tamping of the track ballast during the nights
of 22" and 27 of September 2016. Coated ballast with dust suppressant was added to the
opposite side of the tunnel onBand 4" October, followed also by track ballagtmiping on &
October 2016. As the activities were occurring in the other tunnel of the station, in order to keep
looking at the influence of particles brought by the trains into the station and considering that
Poble Sec has a middle wall in the statieparating both railtracksthe location of the
monitoring equipment was moved to the opposite platform, to a point exactly in front of the
previous one (Fige 3). Ventilation settings at platforms and tunnels were maintained the same
at all stations.Information on the distance between the air quality instrumentation and the
section of the tunnel where the ballast was addi&ding this campaigis shown irTable 4.

*monitoringequipments # train direction

£ | -
- Ballast+watewwith polymer =
) 2 >
] [Pt Bres

= | q !
[ _—_| . Ballast+water e _

[_.
J' I

gl o

Figure 3. Location of monitoring equipment in Poble Sec while ballast with water ($)aand with dust
suppressant (star 2) was being added in the tunnel.

Table 4. Information on the activities carried out at the tunnels of Pol8ec station (L3), indicating the
type of activity, the mean and minimum distance between the activity and the air quality
instrumentation, and the platform where measurements and activities were carried out.

Date Activity Mean distance (m) Minimum distance (m) Platform
20/09/2016 Ballast addition 177 57 1
21/09/2016 Ballast addition 237 57 1
22/09/2016 Ballast tamping 237 57 1
27/09/2016 Track tamping 237 57 1
03/10/2016 Ballast addition 103 37 2
04/10/2016 Ballast addition 193 0 2
06/10/2016 Track tamping 103 0 2

i CS[C PM contributors and potential mitigation measures in the subway environmérit
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2.4. Ventilation settings

Two different ventilation settings were applied at the metro stationTaefrragonain order to
compare any differences in air quality on the platform. The ventilation conditions in this station
are regulated by introducing outdoor air into the tunnel and/or platform (impulsion) and
removing indoor air towards the outdoor environment {i&ction). The mechanical ventilation
conditions, with strong or low impulsion and/or extraction of air, were adjusted during this study
following the protocols reported in Table The first sampling campaign took place froni" 10
June to #July 2015 (wamner period), while the second one was carried out frorf! Z&bruary to

11" May 2016 (colder period). In both cases, the period covered one week under an air
circulation flow opposed to the normal one, while standard conditions were maintained during
the rest of the period.

In order to further assess the role of ventilation on air quality, measurements were also
carried out at one platform ofollblancstation from 11" May to 11" July 2016. The design of the
station is characterised by driverless traimmning through a single tunnel with one rail track
separated from a single platform by a wall with a full length platform screen door (PSD) system.
The organisation of L9S at Collblanc is unusual because at this end of the line the two railtracks
run oneabove the other in vertically separated-ti#tre-wide tunnels, rather than side by side.

In Collblanc the situation is complicated by the fact that only the lower rail track and platform are
currently open for public use, so that trains run in both direet using the same tunnel. The
upper station is currently only used for maintenance works. Changes were only applied to the
tunnel ventilation fans (normal setting or turned off), while the ventilation on platforms was
maintained under normal settings dag the entire campaign. Specifications on the ventilation
fan settings applied during each period are summarized in Tabfgom 27 June to 11 July

2016, instruments were moved to the cof-service platform of Collblanc station, located
immediately above, to compare platform air quality in the absence of regular passenger
movement but the presence of maintenance transport.

Table5. Operating conditions for tunnel and platform ventilations at Tarragona statidmp: Impulsion;
Ext: Extraction. The number of days under each ventilation protocol is indicated for both sampling
periods. (a)Warmer period, (b) Colder period.

a Operating conditions
@ L d - Number of
Day Night
days
Platform Tunnel Platform Tunnel
STANDARD Strong Imp. Strong Ext. No ventilation Low Imp. 14
NONSTANDARD| Strong Ext. Strong Ext. No ventilation Low Ext. 7
b Operating conditions
(b) & g - Number of
Day Night
days
Platform Tunnel Platform Tunnel
STANDARD Strong Imp.  Low Ext.  Noventilation Low Imp. 37
NONSTANDARD| Strong Ext. Low Ext.  No ventilation Low Ext. 7

i CS[C PM contributors and potential mitigation measures in the subway environmér
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Table6. Specifications on the ventilation settings applied during the air quality campaign at Collblanc.

Period Tunnel ventilation (two fans) Platform ventilation
Day Night Day Night
12/05-15/05/2016 | Impulsion (25 Hz) Impulsion (25 Hz)| Extraction (30 Hz) Extraction (30 Hz)
16/05-22/05/2016 No ventilation No ventilation Extraction (30 Hz) Extraction (30 Hz)
23/05-01/06/2016 | Impulsion (25 Hz) Impulsion (25 Hz)| Extraction (30 Hz) Extraction (30 Hz)
02/06-07/06/2016 No ventilation No ventilation Extraction (30 Hz) Extraction (30 Hz)
08/06-26/06/2016 | Impulsion (25 Hz) Impulsion (25 Hz)| Extraction (30 Hz) Extraction (30 Hz)

2.5. Platform air purifiers

The effect ofair purifiers manufactured by two different companie& énd B was compared
against the air quality under normal conditions in the platforms of Tarragona (L3 in Febagry
2016) and Palau Reial stations (L3, OctdWdevember 2016)Table 7) Each puriir was tested
during one week periods, always preceded and followed by one week under standard conditions.
Additionally, in the campaign in Palau Reial in order to account for the inter day variability of air
conditions at platforms, measurements were sitaneously carried out under normal (i.e.
without air purifier) conditions in the adjacent station of Maria Cristina. This was considered to
be an effective way to quantify any impact of air purifiers, given the fact that our previous
campaigns had demornstted a similarity in air quality to be characteristic of these two adjacent
L3 stations.

To further characterize the effect of the purifi&x, measurements were also carried out
aiming to assess how effectiveness varies with the distance. During thete # portable
automatic PM monitor was used to measure in 8 different positions, approximately equidistant,
along the platform; the first measurement being located at the air quality sampling site, at one
end of the platform. For comparisons, the sameasarements were carried out once under
Y2NXIf O2yRAGAZ2YA YR 2y0S dzyRSNJ 6KS SFFSOI

Table7. Operating conditions for platform ventilations at Tarragona and Palau Reial stations where air
purifiers were located.

Station Date (2016) | Normal ventilation Air purifier A Change in ventilation|  Air purifier B
29/02-10/03
11-21/03 End of platform
22-27/03
28/03-3/04 see section 2.4
Tarragona 4-10/04
11-20/04 End of platform
21-25/04
26/04-3/05 Middle of platform
4-10/05
11-16/10
17-26/10 End of platform
Palau Reial|l 27/10-1/11
2-8/11 End of platform
9-10/11

i CS[C PM contributors and potential mitigation measures in the subway environméig
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2.6. Brake emissions

In order to further characterise the impact of emissions from different brake pads in the air
guality of the stations, air quality measurements were performed in line 5 where all trains use
the same type of brake pads. The station selected, according dopthtocol followed in all
measurements in IMPROVE, w@ant lldefons(a station with two railtracks). The sampling
campaign started on the'Bof February 2016 and lasted the whole month. During this period,
renewal works were not carried out in order tdbtain measurements under representative and
standard conditions. The percentage of data coverage is lower than in the previous campaigns
(73% vs >90%), due to frequent power-offis during the first two weekslhe data obtained in

this station was addetb that from the other stations to study the effect of the four different
types of brakes used in all the different subway lines.

2.7. Chemical analyses

A detailed chemical analysis of the collected,RSamples is performed, following an exhaustive
protocol:

A) A quarter of each filter is acid digested (HF:EINOIQ, 2.5:1.25:1.25 mL). The resulting
solution is then chemically analysed by Inductively Coupled Plasma Atomic Emission
Spectrometry (IGRESIRIS Advantage TJASolutions, THERMO) for determination of major and
certain trace elements, and by using Mass SpectrometryNISPX Series 1l, THERMO) for the
trace elements.

B) Another quarter of each filter is water leached withideized water (30 @f Milli-Q grade
water) to extract the soluble fraction. The solution obtained is analysed by ion chromatography
for determination of C| SQ' % and NG, and by selective electrode for hiH

C) A portion of the filter is used for the analysis of TotabGn (TC). This analysis is performed at

the laboratories of the Centre for Energy, Environment and Technological Research (CIEMAT).
Organic (OC) and elemental carbon (EC) cannot be determined by means of thpticell
methods (O€EC Sunset instrumentdue to the high concentrations of Fe at the samples, which
could alter the results and cause instrument malfunction.

The complete chemical analyses described above have been carried out for the total of 509
PM:s samples (including blanks) that have beefiected during all campaigns including 71 at the
station of Sagrera, 73 at Palau Reial, 27 at Maria Cristina, 92 at Tarragona, 33 at Santa Coloma, 46
at Joanic, 16 at Sant lldefons, 57 at Collblanc and 22 at Poble Sec.

In addition to PMs samples, chemal analyses of a selection of subway components were
also chosen to determine their chemical composition. The selection was based on the
identification of the subway components that emit particles into the subway environment as
they wear out during normalse. The selection of the subway components is as follows:

- Ballast

- Catenary

- Electric brush

i CS[C PM contributors and potential mitigation measures in the subway environmdm
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- Pantograph: 3 types

- Brakes: 4 types (one of the types, Brake 3, comprises two chemically different
components labelle@d (dark) and 3r (red) and analysseparately)

- Rails: 2 types

- Wheels: 5 types

The chemical composition of the rails and wheels was provided by the manufacturer,
removing the need for further chemical analysis of this component. The chemical composition of
the rest of the components listeabove was determined following a similar methodology as that
used for the filter samples. The samples were acid digested and subsequently analysed by
Inductively Coupled Plasma Atomic Emission Spectrometry-AESP IRIS Advantage
TJASolutions, THERMO) tietermination of major and certain trace elements, and by using
Mass Spectrometry (IGRS: X Series I, THERMO) for the trace elements.

CS[C PM contributors and potential mitigation measures in the subway environmdrg
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3. RESULTS
3.1. PM.sconcentrations

3.1.1. Sagrera

The sampling campaign at Sagresas focused on the possible effect of major tunnel night works
on platform air the following day. Considerable variation in platform, Pbbncentrations was
observed during the study period at@ara (Table 8 and Figudy. Average values of BMon

the platform during the working night period were consistently raised above normal background
concentrations during the entire period, especially when dust levels were punctuated by
transient peaks (10-800 pugm=) which usually occurred in the early morniagthe beginning of

the work schedule. Median night time (00:06:00 am) levels of platform Piwere typically
28-36 pg m® except during weeks 1 and 4 when they rose to 44 igand 51 pg i respectively
(Table 8), which is over double normal Sagrstation night background (21 ug3n These two
periods of higher dust generation were also seen during operational hours, with weekday
daytime platform PMs levels rising from a median normal background of 36 pigar61 pg m?

and 67 pg ni respectiely. In both cases enhanced levels of daytime platform £ddntinued

into the following week, although in much reduced concentrations as the dust event diminished
in impact. Thus median values of PMell from 51 ug ¥ (Week 1) to 40 pg rh(Week 2),and

from 67 pg m? (Week 4) to 42 ug rh(Week 5). For all other weeks (i.e. Weeks 3, 5 and 6)
average concentrations of daytime platform Piwere no higher than normal background
(Table 8).

Table 8.Mean, median, standard deviation and maximum BMconcentrations (5minute pug me values)
at the Sagrera platform calculated for both the period before works and the seven weeks during the
track renewal work programme.

NIGHT (0@5:00) DAY (0524:00) |

Mean Median SD Max Mean Median SD Max
Before workgeriod 28 21 38 667 37 36 16 150
Works period (Mo#rFri)
Week 1 58 44 66 602 53 51 15 189
Week 2 35 33 16 127 41 40 13 119
Week 3 69 33 97 800 36 34 18 473
Week 4 54 51 22 290 69 67 18 155
Week 5 45 36 44 640 44 42 13 109
Week 6 54 28 86 658 38 36 16 375
Week 7 128 37 162 808 35 33 25 334

The most graphic impact of the tunnel works on air quality was limited to a few nights when
high shortduration increases (no longer than 30 minutes) of.-BRMere observed in the early
morning (39, 5", 16", 27", 30", 315 of March and % April) when hourly average levels went up
as high as 261 ugfdue to Sminute transient peaks all >300 pg3r(Figure 4).

CS[C PM contributors and potential mitigation measures in the subway environmdr@
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Figure 4.Time series of Plyls at Sagrerastation during the whole sampling campaign indicating the seven different weeks when tunnel night works were conducted and
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Median values of Pbt concentrations during operational hours are shown in Tablend
demonstrate that platform air quality during the morning immediately after night tunnel works
was typically lower than during the rest of the day, as is usual given the lower number of trains
and passengers using the station in the early morning. Wewewhen compared to average
levels before the works period it becomes immediately obvious that fehcentrations on the
platform were actually unusually high at the beginning of operational hours for that time of day.
In the first week, for example MR, s concentrations were on average 2§ m? above preworks
levels during the first operational hour (05-:06.00), a difference that slowly and progressively
declined during the day to average out at 15 ug for the full operational daytime period of
05.0024.00 (Table 9). A similar pattern was repeated for the following weeks,imathasesn
PMs levels relative to background being typically aroundiZgig m®. The only exception to this
GFANRG K2dzNJ LISF{1 € ol a Ay 2 Sxadptiomly contsniinitedioK S & dzo ¢
outdoor infiltrated particles in concentrations high enough to swamp the local effect of night
tunnelgenerated dust (Table 9: see below for discussion of this outdoor source). Irrespective of
outdoor infiltration events, the dta demonstrate that an extra dust burden was present in
platform air at the start of daytime operations after tunnel night work, and that this additional
loading declined over the 18our working day. At Sagrera this additional werkkated extra
PMsloading on the platform at the beginning of the day was commonly around 1031g m

Table 9.Median PM:.s concentrations (5minute pug me values) at the Sagrera platform calculated for the
1, 4, 8and 19 hours on the days after night tunnel works, distinguishing each of the different weeks
during the renewal works. Numbers in brackets refer to the difference with background (before night
works) levels.

05-06:00 05-09:00 0513:00 0524:00
Before works period 21 33 36 36
Works period (all activities)
Week 1 46 (+25) 52 (+19) 53 (+17) 51 (+15)
Week 2 37 (+16) 46 (+13) 43 (+7) 40 (+4)
Week 3 31 (+10) 36 (+3) 33 (3) 34 (2)
Week 4 60 (+39) 74 (+41) 77 (+41) 67 (+31)
Week 5 45 (+24) 47(+14) 48 (+12) 42 (6)
Week 6 29 (+8) 32(1) 35 (1) 36 (0)
Week 7 31 (+10) 28 (5) 29 (7) 33 (3)

Further insight into the physical character of the ambient PM loading during the sampling
campaign is provided by Figure 5 which records inhalable particle number concentrations
measured on the platform , separated into relatively coarse-{®%nicrons)fine (1-2.5 microns)
and very fine (0.& microns). This plot demonstrates that during weeks 1 and 4 it was the very
fine (<1 micron) sized particles that were increasing the most, especially towards the end of the
week. The figure also shows notable treemd peaks associated with the start of work in the
CongrésSagrera (Tuesday 17 February) and Sagréray LJ RS f Q! N1J 6 ¢ dzSaARI & o
linked to transport emissions, and a cluster of peaks late in the campaign when the new rails
were being welded
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Figure 6 shows density graphs afshb concentrations for three size ranges (€8132.5 and
2.510 um) during te 7 weeks of renewal works, normalised to the conditions before the works
so that values >1 might indicate an effect of the night works on ambient daytime concentrations.
This figure distinguishes between noperating hours (0:06:00 h) and subway daytin
operational hours (5:00:00 h). The following conclusions from this figure may be drawn: i)
During weeks 1 and 4 there was a notable extra peak in the finest PM siz& |}, thus
reinforcing the observations made in Figure 5; ii) The more abungdeegence of coarse PM
during operational daytime hours is attributed to the train movement resuspension of an
additional burden of workgenerated particles, probably sourced from ballast; iii) The
anomalous patterns observed for Week 7 (actually only gsyawith exceptionally abundant
amounts of coarser PM present, is attributed to dust generated during the last stage of the
operation when final welding and track finishing took place and materials including ballast were
being removed from the worksite.

The pollution events recorded underground during Weeks 1 and 4 were additional to dust
generated by the tunnel night works. Despite the fact that similar night work activities were
being performed during Weeks 3 and 4, ambient daytime #bVels in the sbway were over 30
ug nt® higher in Week 4Table 8). The source of this additional pollution during Weeks 1 and 4
can be found by looking at what was happening to air quality in the city above ground (Figure 7;
Table 9). During both Weeks 1 and 4, avenagekday levels of PMin background city air rose
above 20 ug m, rising to a peak >4@ n1 during Wednesday to Friday, a pattern repeated
underground on the Sagrenalatform (Figure 7). This increase in fisiged inhalable particles
during Weeks 1 and 4 is attributed to the arrival of-fisavelled pollution clouds drifted over
northeast Spain from eastern Europe (see Section 3.3.1 and Figure 18).

Figure 7 also reads three arrivals of North African (NAF) desert dust in the city during the
campaign period. The first of these occurred in the week before works began and resulted in
elevated PM levels both above ground and in the subway (Figure 7). The second oN&iese
events occurred in Week 3 during the works, but apart from a brief minor peak seen outdoors
during 29 March, this desert dust intrusion was very dilute and had only a limited effect on
ambient levels which remained well below average in the city.firtaé NAF event arrived in the
weekend of 22 March, was shortived, and again had little obvious effect on PM mass levels
(Figure 7).

The comparisons between subway PM levels and those at the city background monitoring
station in Barcelona given in TallO confirm that the quality of outdoor city air has a significant
impact on that in the subway at Sagrera. This outdoor infiltration was especially notable during
the first NAF events and in Weeks 1 and 4, but the data summarised on Tables 8 and9eako r
that an additional, presumably locally sourced dust burden was present in the subway station
during the works period. Prior to the start of works, the average weekday difference between
Palau Reial outdoor background and Sagrera platform during tipeeh hours was 21 pg #
whereas during the first four weeks of rail removal and track preparation this outdoor/indoor
difference rose to 283 g n¥, irrespective of the presence of outdoor pollution episodes. We
attribute this additional average bueth of around 10 pg riito the impact of the night works.

The impact of this extra loading declined during daytime operational hours so that, in the
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absence of extra dust sources (such as infiltrated sulphate) average PM levels returned to normal

by the endof the day. During times when outdoor air was exceptionally clean, such as Weeks 2

and 3 (Palau Reiafban background sité-8 pgm*0 = G KS A Y LI Ol -2Sy SiNG-SG SSREG N
dust burden was inevitably more noticeable, as demonstrated by the ratioarshn Table 10.

During the latter part of the works period, after track removal and preparation but during new

rail laying and final welding, this additional PM impact diminished to 6 figwieek 5) and 3 ug

m3 (Week 6). Thus the dusgfenerating impacbf night works appears to have been higher during

the earlier phases of track removal and preparation.
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Figure 6. Density graphs ofoli0 concentrations on three size ranges 831, 1-2.5 and 2.510 um) during
the 7 weeks of renewal works normalised the conditions before the works.
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Figure 7. Time series of Piconcentrations at Sagrera station and at the urban background ambient air
site of Palau Reial in Barcelona during the whole sampling campaign indicating the seven different weeks
when tunnel night works were conducted and the different activities being carried out at each tunnel.
Note the similarity between the outdoor background and underground platform patterns during the
pollution episodes of Weeks 1 and 4. Days when NAF episodes in tih@éoou ambient air were recorded

are also highlighted.

Table 10.Median PM:s concentrations (hourly values) at the urban background and Sagrera platform
calculated during working days for both the period before works (3618/02) and the seven weeks
during the track renewal work programme (16/621/04).

PM. 5 Median (1g m3) Before Week Week Week Week Week Week Week
works 1 2 K] 4 5 6 7
Outdoor ambient air 14 22 6 8 30 15 13 7
Sagrera subway platform 35 50 39 37 63 42 37 23
Ratio indoor/outdoor 2,5 2,3 6,5 4.6 2,1 2,8 2,8 3,3

3.1.2. Santa Coloma and Joanic

In the case of botlsanta Colomand Joanicstations night time tunnel work activities took place
over a much shorter period than ab@era The Santa Coloma work programme started with just
one day each for old railtrack removal, new rail installation, and preparation before two days of
welding and a final two days for finishing off the newly laid track. Once again (as with the Sagrera
campagn) these works activities produced several prominent spikes insPMring the early
morning Eigure8). These night time increases mostly lastedléss than 2 hours, although they
were in some cases quite extreme, with measured; Pbbncentrations increasing up to 926 ug

m of PMs (5-minute values).
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Figure 8. Time series of PM(ug n®) at Santa Coloma station during the whole samplingmpaign

Table 11 provides mean and median values for £dncentrations before and during the
works period. As would be predicted from the peaks displayed in Figure 8, nighgrRddn
concentrations were variable but mostly significantly higher tpaor to work commencement,
in the most extreme case rising to over 200 m?. However despite the prominence of these
transient pollution peaks, they did not have an obvious effect on the averaged PM levels of
platform air during the following day, witmedian daytime values between 28 ug m?
compared to the 42 pug mmeasured before the works started (Table 11). Even in the most
extreme case of 280ctober, when night time mean PMconcentrations were five times higher
than the previous night, dayhe averages appear to have been unaffected (Table [£]1).
however (as with Sagrera) we look at PM averages as the day progressed we seetiatvElsl
were significantly higher in the early morning when compared to thevmeks average and that
this additional loading declined over the day (Table 12).

Table 11.PM:zs concentrations (ug ni) at the Santa Coloma platform on the days after nigtime
activities, distinguishing each of the different activities carried out during the renewal works.

NIGHT (0@5:00) DAY (0524:00)

Mean Median SD Max Mean Median SD Max
Before works period-14/10/2015 38 38 17 105 44 42 17 150
Works period
15/10/2015: Ralltra_ck preparation 65 53 50 307 36 o8 23 135

(Old rail removal)

16/10/2015 New rail installation 60 38 61 302 35 28 23 120
20/10/2015 Railtrack preparation 90 46 140 759 45 42 15 96
21/10/2015 Welding 99 51 158 926 50 46 19 138
22/10/2015 Welding 40 29 22 101 54 48 21 129
23/10/2015 New railtrack finishing 202 133 178 790 53 47 23 205
26/10/2015 New railtrack finishing 88 49 112 673 46 47 15 110
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Table 12Median PM:s concentrations (5minute pug me values) at the Santa Coloma platform calculated
for the 1,4, 8 and 19 hours on the days after night tunnel works.

05-06:00 05-09:00 0513:00 05-24:00
Before works period-14/10/2015 33 37 37 42
Works period (all activities)
15/10/2015:Railtrack preparation 75 (+42) 42 (+5) 32 (5) 28 (14)
16/10/2015 New rail installation 50 (+17) 39 (2) 28 (9) 28 (14)
20/10/2015 Railtrack preparation 52 (+19) 53 (+16) 50 (+13) 42 (0)
21/10/2015 Welding 52 (+19) 49 (+12) 50 (+13) 46 (+4)
22/10/2015 Welding 61 (+28) 52 (+15) 46 (+9) 48 (+6)
23/10/2015 New railtrack finishing 48 (+15) 59 (+22) 51 (+14) 47 (+5)
26/10/2015 New railtrack finishing 53 (+20) 52 (+15) 50 (+13) 47 (+5)

Further information on the physical character of tparticles generated during the night
work activities is revealed by the data on particle number concentrations in three different size
ranges shown in Figure 9. There was, as is usual, great fluctuation in the numbers of finer
particles present on the plédrm, with the most prominent peaks being associated with both
tunnel night works and daytime activity of trains, commuters, and cleaning staff. The most
obvious effect of night works at Santa Coloma on platform air quality however was an increase in
coar®er particles (2.810 microns: Figure 9), which clearly coincided with the early morning
activities but quickly subsided in train operational hours. The highest peaks in botéfivid
PM.2 5 coincided with night works activities, whereas this was heat tase for the finest particles
(PMv34), levels of which were not increased by the railtrack work.
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Figure 9.Time series of particle number concentrations at Santa Coloma station during the whole
sampling campaign indicating the three different weeks when tunnel night works were conducted and
the different activities being carried out at the tunnel.

The dominance of coarser PM produced by the maintenance work is likely due to dust
generated by moving, replacing and tamping rock ballast. Another factor that may be affecting
daytime platform particulate levels is the timing of the coarse PM peaks duringitjid. The
first two nights of works (18.6/10) created large amounts of BMo throughout the night
working period so that the additional dust loading was freshly present on the platform when the
trains started running but then quickly declined oveethext few hours (for example on 15/10
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dropping from an average of 1&g min the first hour to 43ug m® over the period 090-09:00).

In contrast, the next two work nights (ZZ1/10) produced coarser PM peaks that were shorter
lived and confined to theery early morning, so their effects had subsided by the time the trains
started running (thus on 21/10 average Piwalues dropped from only 52 to 48y n1® over the
same period). Thus the morning after effect of night work dust events will dependniptom
how much dust was produced, but when it was produced during the night.

Figure 10 shows density graphs of:hb concentrations for three size ranges (8,132.5 and
2.510 um) during the night works in Santa Coloma (values are normalised tootititions
before the works so that values >1 might indicate an effect of the night works on ambient
daytime concentrations). This figure distinguishes between-operating hours (0:0%:00 h)
and subway daytime operational hours (5:0@0 h). In generatight activities did not result in a
clear increment on number of particles during the next day, with the exception of the last day
when new railtrack activities were finishing with an increment on the:Noncentrations. At the
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Figure 11 compares BM concentrations on Santa Coloma platform with outdoor
background in Barcelona. Unlike during the sampling experiment conducted at Sagrera, the levels
measured underground at Santa Coloma did not show a strong link to outdoor conditions. The
prominent outdoa pollution event during the beginning of Week 1, for example, was not seen in
the subway (Figure 11). The brief North African (NAF) dust episode recorded outdoors in the
week before the monitoring campaign began coincided with minor peaks undergrourtkin t
subway but then subway air quality worsenafter the NAF had passed. In the same way the
peaks observed in the subway platform coinciding with the night time activities are not shown by
the urban background site, reinforcing the interpretation that yhare only related to the
subway activities underground (Figure 11).
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Figure 11. Time series of PN concentrations (ug nf) at Santa Coloma station and at the urban
background ambient air site of Palau Reial Barcelona during the whole sampling campaign indicating
the different activities being carried out at the tunnel (see previous figures). Days when North African
dust episodes in the outdoor ambient air were recorded are also highligh{®tAF) although this was
limited to a brief period in the week before the works started.

Moving to the monitoring campaign conducted Joanic station a time series summarising
PM. s concentrations measured during thmonitoring campaign is shown in Figur2. 1n this
case the 13ight work programme involved an initial phase of catenary maintenance, track
preparation and old rail removal before the new rail was installed and final welding completed.
This campaign did not involve ballast replacement, so tlveais no final phase of tamping and
finishing, and there was instead emphasis on catenary maintenance. Once again, as with the
Santa Coloma data, we see obvious extreme transient peaks in particle concentrations coinciding
with the night activities, especiglin the early stages of the work, when levels briefly exceeded
600 pg ne. These transient peaks however were typically confined to a short period at the
beginning of work activity during the night shift, a pattern especially noticeable during the first
six nights, and they were largely absent during the later phase of the work, especially during the
final welding.
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Figure 12. Time series of PM(ug m®) at Joanic station during the whole sampling campaign

Table B provides mean and median values for BMoncentrations during works nights and
following day at Joanic. Pxgorks background values were not obtained during this study, and
the sampling was complicated by the arrival of biomass burning plumésNbSember; 20"
December) and North African (NAF) desert dugtgll and 15-20" December) intrusions into
the city air. However, previously published measurements at this station (Martins, &04b)
indicate average daytime mean RMalues of around B70 ug m?, and we have chosen the
data from Friday 20 Now% ugPMesm3) as representative of weekday values unaffected by NAF,
SIC or biomass episodes, or night works. In addition we include average values for the entire
sampling period (46 days).

Table Ba. PM:s concentrations (ug m¥) on the Joanic platform, distinguishing each of the different
activities carried out during the renewal works, and with average levels the following day.

NIGHT (0®5:00) DAY (0524:00) ‘

Mean Median SD Max Mean Median SD Max
20 November: (background value) 51 46 19 116 65 63 13 112
Entire sampling period (3 N0 Dec) 68 61 41 617 79 77 26 219
Works period
04-nov Catenary work 73 51 66 275 63 61 13 95
05-nov Catenary work 73 55 54 213 71 70 14 106
06-nov Track preparation 75 66 44 218 87 88 18 120
11-nov Catenary work 110 78 87 463 83 85 16 117
12-nov Catenary work 85 71 48 230 72 71 11 114
13-nov Track preparation 61 40 50 237 81 81 14 114
23-nov Track preparation (Monday) 30 21 26 125 56 56 12 100
26-nov Track preparation 61 48 41 195 62 58 14 109
27-nov Track preparation 73 38 107 617 58 57 12 94
09-dic New rail installation 124 111 46 378 95 94 16 147
10-dic Welding 67 64 10 94 85 83 13 139
14-dic Welding (Monday) a7 41 17 87 91 92 18 123
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Table Bb. Median PMs concentrations (5minute pug me values) at the Joanic platform calculated for
the 1,4, 8 and 19 hours on the days after night tunnel works.

05-06:00 05-09:00 0513:00 05-24:00
Background (20/11) 46 78 69 63
Noworks (28/1025/11/13) 54 66 66 67
Works period
04-nov 45 (1) 72 (6) 67 (2) 61 (2)
05-nov 37(9) 77(l) 79 (+10) 70 (+7)
06-nov 38 (8) 76 (2) 94 (+25) 88 (+25)
11-nov 36 (10) 80 (+2) 81 (+12) 85 (+22)
12-nov 58 (+12) 80 (+2) 78 (+9) 71 (+8)
13-nov 43 (3) 75 (3) 81 (+12) 81 (+18)
23-nov 33 (13) 62 (16) 61 (+8) 56 (7)
26-nov 43 (3) 75 (3) 71 (+2) 58 (5)
27-nov 30 (16) 68 (10) 62 (7) 57 (6)
09-dic 94 (+48) 111(+33 107 (+38) 94 (+31)
10-dic 66 (+20) 93 (+15) 88 (+19) 83 (+20)
14-dic 43(3) 82 (+4) 94 (+25) 92 (+29)

Unlike with the Sagrera an®anta Colomadata, those from Joanic show much less
correspondence between night works and PM levels during the night or following day (Tables
13a, b). A majority (8 out of 13) afights recorded some increase in meanRkbncentrations,
but these were generally much less than, for example, those recorded after night works at Santa
Coloma. This weaker signal is reflected by mean daytimegsRPdues which were more often
than not below average after night works when compared to the whole sampling period.
Similarly not one of the daytime averages presented on TaBkeshow an extra P4 early
morning loading declining progressively over the day, in clear contrast to the Sagrtefaata
Coloma data. However there are some clear differences between PM emissions during different
types of work, with the laying of the new rail producing the highest PM levels (Table 1

Transient peaks in number particle concentrations at Joanic agaiimcided with night
maintenance activities, as demonstrated in FiguBe This figure however reveals a clear physical
difference between the particles generated during the works at Joanic and Santa Coloma.
Whereas the Santa Coloma campaign was chariaet#by notable increases in coarser PM{2.5
10 micron size), this was not seen at Joanic which instead showed several extreme transient
peaks in the finest particle sizes (&L3nicron size). We attribute this notable difference to the
lack of ballast wdg at Joanic producing much less coarse mineral (rock) dust, and perhaps more
specifically to the release of fine particles during maintenance work on the rail and catenary.

It may be concluded from the data presented on Tablés, b, and Figures 12 and ft&at the
Joanic night works had little if any effect on platform PM mass concentrations during the
following day. Presumably this was due to a lack of any extra loading of coarse (and therefore
heavy) PM, combined with the fact that night time PM peaksengot only short but generally
confined to the very early morning, well before the metro station opened for business, thus
giving more time for dust to settle.
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Figure 13. Time series of particle number concentrations at Joatation during the whole sampling
campaign indicating the different activities when tunnel night works were conducted at the tunnel.
Activities as in figure 12.

Figure 14 shows density graphs of:hN concentrations for three size ranges (8132.5 and
2.510 um) in Joanic (values are normalised to the conditions before the works so that values >1
might indicate an effect of the night works on ambient daytime concentrations) distinguishing
between ron-operating hours (0:0®:00 h) and subway daytime operational hours (50000 h).
Figures include the N values in a typical day before the night works, an in the 3 239 of
November and 9 and 14" of December when specific activities were rgicarried out. The
Joanic platform presents a distribution ob N concentrations very wide under background
conditions (N values from 0 to 5), indicating different possible sources for this size of particles
more than a single one as Santa Coloma aré&a (Figs6 and 10. Ths pattern can also be
observed in the nights when works were carried out. As shown in the case of Santa Coloma no
obvious increments on number particle concentrations were registered during the night time
activities, with the exeption of the 11" of November (catenary maintenance works), when
especially finer particles did increased in number concentration respect to background conditions
(N>1). Similarly, during the day it was rare to see higher number concentrations after night
works, only some days when railtrack preparation activities or welding were carried out
registered higher bk1o values, most possibly related to the movement of ballast.

A comparison between hourly data in the ambient air at the Barcelona backgroutidnsta
and in the Joanic subway platform KB away to the NE) during the sampling period is provided
by Figure 15. In general there was correspondence between the two databases, see for example
the coincidence of during the first weekend period and durimg last ten days of measurement.
The similarity between the two curves during the final week (pestks), which coincided with
the arrival of a desert dust intrusion from North Africa (NAF) is particularly striking (Figure 15).
The effect of this infiltraon is further investigated in the next section (3.3.3) which deals with
PM chemical variations over the sampling campaign period.
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Figure 14 Density graphs of bsio concentrations on three size range®.3-1, 1-2.5 and 2.510 pum)
during the nightworks normalised to the conditions without work$or the 11, 13, 23/11 and 9, 14/12.

__ Subwayplatform Urbanbackgroundambientair

80 200
70 - - 180
'§ - I £ = - O L 160
2 %01 w | L 140 9]
_§ 50 1 ‘\f - 120 %’
5 40 , | ‘ 4 N N' ‘\ 100 5
> . | ]“ | l Y l” M ‘ ik g0 =
S 0 y ' “ V ‘ e
2 . ‘ ) L\ r"i 60 S
2 20 i y \ t{ v “ 41" l
g AN D
= 10 - ’ L 20
0 T O
03/11/2015 08/11/2015 13/11/2015 19/11/2015 24/11/2015 29/11/2015 04/12/2015 09/12/2015 15/12/2015 20/12/2015
NAF ] I
Biomass

Figure 15. Time series of PMconcentrations (ug nf) at Joanic station and at the urban background
ambient air site of Palau Reial in Barcelona during the whole séimgppcampaign indicating the different
activities being carried out at the tunnel (see previous figures). Days when North African desert dust
(NAF) and biomass burning episodes in the outdoor ambient air were recorded are also highlighted.
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3.1.3. Palau Reial andVaria Cristina

The primary objective of this experiment was to assess the effect on platform air quality of night
tunnel works exclusively dedicated to ballast addition. In addition the study offered the chance to
compare the effects on air quality of thfferent activities of ballast addition and track tamping.

The study took place in the two neighbouring stations of Palau Reial and Maria Cristina, both of
which have the same design. The relative location of the areas where ballast was added respect
to the two platforms is shown in Figui®.

In the case oPalau Reiathe addition of new ballast took place on four separate nightd'(24
27" and 29" of April, and & of May), with the ballast having been previously washed with water
but with no extra dst-suppressant being added. Each of the four ballast laying nights saw
substantial but shortived increases in PMconcentrations on the platform at night, with peaks
rising above 200 ug fand in one night (28 over 1100 pg m(Figure T). All of hese transient
peaks occurred early in the night when the ballast was initially dumped on to the track prior to
being worked into place, and contrast markedly with the normal weekday situation at Palau Reial
when PM levels drop rapidly to a daily minimufteathe station closes at night (Figur&)1

ﬁ) Ballast+ water *monitoringequipments [ | Additionof ballast \
Tamping

e R i et e He e R et Pt et b ety
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Rt R R R R R R e R R Ee

u

N— j
( 2) Ballast+ water + dustsuppressant \
Vehiclefailure,
> lkmaway
25-28/05 #

D Additionof
\ ballast j

Figure 16. Location of the area where ballast was added with respect to the two platforms where the
monitoring equipment was situated.

Average PMsconcentrations during night (000-05:00) and daytimeoperating hours before
and during the ballast work programme are shown on Table The substantial increase in
airborne PM due to dust released when ballast is dropped on the track is reflected by higher
night time concentrations which rose to over doultlese when only track tamping was being
performed. Closer analysis of Ritoncentrations as the days progressed is providedddyle 15
which reveals a typical pattern of subdued initial levels:q0®6:00) rising rapidly as train
frequency increasesuding the morning before later falling back to produce a daily average of
broadly around 100 pg #n There is however considerable variation, with early morning dust
levels at 0300-06:00 progressively rising as the ballast laying work programme contiri@eis(
80-122 ug n?) which is consistent with the tunnel night work moving closer to the platform
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monitoring equipment. By the end of the operational day, however, with the exception of the
most heavily polluted day {5May), average dust levels returned around normal and the
effect of any extra ballagtlated contamination had been diluted by the constant flux of air
currents produced by train movement and ventilation.
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Figure 17 Timeseries of PMs (ug n1°) at Palau Reial stationWeekends and periods when maintenance
activities were taking place are highlighted in colours.

Table #. PMzsconcentrations (ug ) at the Palau Reial platform on the days after night time activities,
and after the works period

NIGHT (05:00) DAY(05-24:00)

Mean Median SD Max Mean Median SD Max
Addition of ballast (24, 27, 29/4 & 5/5) 101 63 127 1161 103 98 30 233
After works period (6/05) 49 34 33 156 106 105 25 182

Table 5. Median PM.s concentrations (5minute pg me values) on PalawReial platform as the days
progressed during train operating hours after night tunnel works. For comparison averages are given for
before works (only day filter data available) and after works.

Median |
05-06:00 05-09:00 05-13:00 05-24:00
20, 21, 2223-apr (day filters) 87
24-apr (addition ballast) 56 140 132 100
27-apr (addition ballast) 68 81 88 79
29-apr (addition ballast) 80 129 111 97
05-may (addition ballast) 122 156 137 127
After works period (6/05) 51 120 115 105

Theunusually low levels of morning rush hour {@&09:00) PM s concentrations on Monday
27" April coincided with an exceptionally clean atmospheric episode outdoors, produced by the
advection effect of fresh NW winds sweeping across the Diagonal. Figutemonstrates this
cleansing event, when ambient BMin city air dropped from around 40 pghto well below 10
ug m. Also shown on this figure are three North African dust arrivals into the city (NAF): the
advection event on the 27marked the suddn termination of the first of these NAF intrusions,
which was the strongest of the three. Note also that the first night of ballast addition coincided

N ot=] (o O = 32




IMPROVE LIFE

Implementing Methodologies and Practices to Reduce
air pollution Of the subway enVironmEnt

with the beginning of this first NAF intrusion, so that background PM levels in the city were
already onthe increase, thus presumably accentuating the difference in subway air quality
between 24" and 27" April (Table ). Such observations emphasise how subway PM levels at
any given moment are a sum of different influences and sources, in this case adtlagy and
desert dust to the normal background of particles present on the platform.
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Figure 18. Time series of PM concentrations (ug)mat Palau Reiastation and at an urban background
ambient air site in Barcelona during the whole sampling campaign indicating the different activities
(green = ballast addition). NAF = North African desert dust intrusions.

A time series recording particle number contrations at Palau Reial station is presented on
Figure19. The levels show the regular daily pattern of particle numbers being interrupted by
transient peaks during several of the works nights.
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Figure 19. Time series of particle number concentrationsRalau Reial station. Days when NAF and
biomass burning episodes in the outdoor ambient air were recorded are also highlighted.
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Figure20 shows density graphs ofyBlio concentrations for three size ranges3d, 1-2.5 and
2.510 pm) in Palau Reiglalues are normalised to the conditions before the works so that
values >1 might indicate an effect of the night works on ambient daytime concentrations)
distinguishing between nenperating hours (0:0%:00 h) and subway daytime operational hours
(5:000:00h). Ballast addition can be seen to have produced an increaSleconcentrations of
all particles during the night time, and a smaller but detectable rise during the day.
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Figure 20 Density graphs of bio concentrations on three size range®.3-1, 1-2.5 and 2.510 pm)
during a day not affected by night works and a day after ballast addition

In the case ofMaria Cristinathe new ballast had been previously coated with an anti
resuspension polymer to observe the possible effect of this compamdiust release while
adding new ballast. Unfortunately however a major breakdown of the equipment transporting
the ballast forced the temporary offloading of all ballast in the tunnel oenlaway from Maria
Cristina on 22 May. Following repair of #nmachinery, work was resumed on Monday"28ay,
with the ballast being reloaded and transported to the work site. The effect of this delay and
extra movement on the dust polymer is unknown, but it is likely that at least some of the coating
was lost so liat our study of the effect of adding polymer was later focused instead on the
experiment at Poble Sec (see below) which went according to plan.

A time-series of PMs (ug m?®) levels at Maria Cristina station is presented in Fidiireagain
revealingobvious transient peaks produced by the night works and, especially, by the equipment
failure and ballast offloading on 22 The peak on this first night is especially surprising given the
fact that the breakdown occurred 1.5 stations down the line fromarid Cristina and
demonstrates the severity of the pollution event. The median night levels ofsPkbduced at
Maria Cristina during ballast addition (88 n1®) were higher than those recorded at Palau Reial
(63 ug M), yet average daytime levels atadla Cristina again remained unaffected by the night
pollution, even after the dramatic pollution event on the"2gTablel6). Further insight is gained
from Table 1Avhich provides median PMconcentrations (§minute pg n? values) at the Maria
Cristitk  LJX FGF2NY YR RSY2yaiGN)» (1S4 GKFIG 6KAES 2y0S
effect is consistently recognisable on the platform at the beginning of the operational d&¢@{05
06:00h), the initially excess platform PM is diluted as the day @ssggs.
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Figure 21.Timeseries of PMs (ug m®) at Maria Cristina station. Periods when maintenance activities
were taking place are highlighted in colours.

Table 16. PMzs concentrations (ug n¥) at the Maria Cristina platform on the days after nighime
activities, distinguishing each of the different activities carried out during the renewal works.

NIGHT (0@5:00) DAY (0524:00)
Mean Median SD Max Mean Median SD Max
Before works (181/05) 51 51 24 124 80 81 14 130
Fault of ballast transpontehicle 222 135 253 1383 83 81 14 148
Addition of ballast (25 & 28/05) 141 83 160 927 75 76 20 131

Table17. Median PM s concentrations (5minute pg me values) on the Maria Cristina platform on the
days after night tunnel works.

VEGTEN |

05-06:00 05-09:00 05-13:00 05-24:00
Before works period (121/05) 47 86 83 81
22-may (vehicle failure) 84 (+23) 98 (+12) 84 (+1) 81 (0)
25-may (addition ballast) 96 (+49) 102 (+16) 91 (+8) 85 (+4)
27-may (addition ballast) 74 (+27) 60 (-) n/a n/a
28-may (addition ballast) 82 (+35) 72 () 62 (-) 57 ()
After works (26/06) 58 80 69 59

The particle number concentrations profile is shown on Fi@eagain marking the transient
peaks associated with night maintenance work. These data also recorthbajust measured at
this locality was characterised by prominent peaks in the coarse size fraction {fMilthough
the coarser signature rapidly declined over the following day.
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Figure 22. Time series of particle number concentrations at Maria Cristina station during the whole
sampling campaign indicating the different activities when tunnel night works were conducted.

Figure23 shows density graphs ofoblko concentrations for three size ranges3d, 1-2.5 and
2.510 ym) in Maria Cristina (values are normalised to the conditions before the works so that
values >1 might indicate an effect of the night works on ambient daytime concentrations)
distinguishing btween nonoperating hours (0:0%:00 h) and subway daytime operational hours
(5:000:00 h). The effect of higher dust loadings during the night is again obvious from this figure,
as is the emphasis on coarser particles (especially on th§. Zurthermoe this figure also
demonstrates how during the following day after ballast addition there was no clear increment
on number of particles for any of the three size ranges, although the release of a large amount of
ballast due to the vehicle failure, even tingh it was 1000 m away from the monitoring point, did
show some increase ofNiothe next day.
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Figure 23. Density graphs of bsio concentrations on three size ranges (631 3-2.5 and 2.510 um)
during the night works normalised to the conditions without worker the days 22, 25, 27 and 28/05
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Figure24 compares PM concentrations in outdoor ambient air simultaneously with those on
the Maria Cristina platform. During the measurement campaign in Maria Cristina there was no
major dust intrusion event outside, with only one NAF event (short and well before the campaign
started) and two minor biomass burning episodes (similarly briaed #mnis time after the
campaign). City outdoor background levels typically fluctuated betwe2h fig m® but there
was generally poor correspondence between outdoor and subway PM concentrations. During the
works campaign at Maria Cristina outdoor P\evels were generally on the rise, whereas in the
subway, apart from the transient peaks, average levels were, if anything, declining @yure
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Figure 24. Time series of Pk concentrations (ug n¥) at Maria Cristina station and at the urban
background ambient air site of Maria Cristina in Barcelona during the whole sampling campaign
indicating the different activities being carried out at the tunnel (see previous figures). Days when NAF
and biomass burning episodes in the outdoor ambient aiere recorded are also highlighted.

3.1.4. Poble Sec

The campaign aPoble Secstation (L3) was designed to test whether prior addition of a dust
suppressant to ballast has any effect on platform air quality during and after night maintenance
work. Figure 8 shows the timeseries of PMls concentrations during the sampling campaign and
Figure & the relative location of the ballast activities regarding the situation of monitoring
equipment. Ballast addition to the track took place in the station itself, vdoge to the
monitoring equipment. The first part of the campaign used ballast that had been previously
washed with water only, and the second phase used ballast washed with water and polymer dust
suppressant. In both cases ballast was added to the tragkhwvas then tamped (green and red

on Figure 8: tamping involves packing the ballast under the sleeper to produce a stable sleeper
bed). Other peaks shown in the figure were recorded during subway operational hours and
therefore were related to passengéor platform cleaning) activities. Especially prominent is the
>3200 ug mipeak registered at 23:05 pm on the'2df September, a major bank holiday festival

in Barcelona.
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Figure B. Timeseries of PMs (ug m®) during the sampling campaign @oble Sec station{5-minute
resolution data except the period 1:28/09 with a 10second resolution and thereforemored y 2 A 8 S€ 0 @

As demonstrated on Tableé3the addition of ballast untreated with polymer dust suppressant
resulted in a doubling of averageMPlevels during the working night, although average
concentrations during the following day remained the same as before the ballast work began.
The succeeding track tamping operations further increased night timgs BMels which reached
median levels of 86 pg fand mean levels of 180 pghbut again there was no effect on
average daytime ambient concentrations.
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Figure 3. Relative location of the night activities from the monitoring equipments in Poble Secirdy
both tunnel operations indicating the dates when they were carried out. The rectangle in red refers to
the platform where the equipment was located.
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The addition of ballast impregnated with dust suppressant polymer resulted in loweg PM
concentrations during the nights when ballast was added to the track, with mean levels 20% less
(42 instead of 52 ug ™), although daytime levels again stayed around or slightly above average.
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The results were even more striking with regard to leveldusit generated by subsequent track
tamping, with night time PMs concentrations falling from a mean of 180 pg®rtwithout
suppressant) to 88 ug (with suppressant). Daytime levels after tamping with suppressant
remained above average (Tabl8)1although this may have been due to outside influence (see
below).

Table B. PM2s concentrations (ug ni) at the Poble Sec platform on the days after night time activities,
distinguishing each of the different activities carried out during the renewal works.

NIGHT (08)5:00) DAY (0524:00)
Mean Median SD Max Mean Median SD Max
Before works period (156/09) 26 21 16 67 74 71 19 176
Addition of ballast 52 44 40 314 71 68 19 259
Addition of ballast (with polymer) 42 28 37 317 76 74 15 134
Track tamping 180 86 226 1221 78 72 31 781
Track tamping (with polymer) 88 48 165 1074 90 85 21 192

The progressive change in platform PiMconcentrations during the daytime after ballast
night works is shown below in Tabl®. Once again we see the familiar patteoh relatively
increased dust levels in the first hour of the operational day becoming diluted as the day
progresses. However this extra loading is less during those mornings after working with ballast
coated with dust suppressant: compare the first thidsys without suppressant (564-93 pug m?*
at 0500-06:00) with those using suppressant (8881 ug nr). This suggests that the application
of the polymer coating to ballast reduces levels of;Blh the platform the following morning
by 1020% (in thisase translating to reductions ofi8 pug nv).

Table19. Median PMb.s concentrations (5minute pug me values) at the Poble Sec platform calculated for
the 1, 4, 8 and 19 hours on the days after night tunnel works.

05-06:00 05-09:00 05-13:00 05-24:00
Before works period (156/09) 33 59 63 71
20-sep (addition ballast) 57 (+24) 64 (+5) 71 (+8) 67 (-)
21-sep (addition ballast) 64 (+31) 73 (+14) 74 (+11) 68 (-)
22-sep (tamping) 93 (+60) 87 (+28) 78 (+15) 73 (+2)
27-sep (tamping) 133 (+100) 85 (+26) 74 (+11) 69 (-)
3-oct (addition ballast+polymer) 51 (+18) 64 (+5) 68 (+5) 73 (+2)
4-oct (addition ballast+polymer) 48 (+15) 78 (+19) 90 (+27) 77 (+6)
6-oct (tamping + polymer) 81 (+48) 95 (+36) 97 (+34) 85 (+14)
After works perioq7/10) 46 78 87 83

The aboveaverage levels of PM present on the platform during the4and 8" October is
likely to be connected to the fact that at this time the city was being contaminated by a North
African dust episode, with outdo®M. s values ranging from 9 to 28y m?® (Figure27).
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Figure 27. Daily time series of Plk concentrations (ug n¥) at Poble Sec station and at the urban
background ambient air site of Palau Reial Barcelona during the whole sampling campaign indicating
the different activities being carried out at the tunnel (see previous figures). Days when NAF episodes in
the outdoor ambient air were recorded are also highlighted.
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Particle number concentratits show peaks related to the addition of ballast and tamping
night activities (Figure8 especially in the case ofi.pb and N.s10. The finest particles showed
peaks more often related to passengers or cleaning daily activities in the platiarig.peaks
coincided with the addition of ballast untreated and all tamping activities, whereas higher
concentrations of Ms1owere clearly associated with tamping work on untreated ballast(@2d
27" September). In contrast, Figure8 Zhows very clearly how peaks of coarser {RM)
particles are suppressed by the polymer coating both during initial addition and later tamping.
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Figure 3. Time series of particle number concentrations at Poble Sec station during the whole sampling
campaign indicating the different activities when tunnel night works were conducted. Green: ballast
addition, red: track tamping.

The density graphs ofoNi0 concentrations for the three size ranges3Q@, 1-2.5and 2.510
pm) in PobleSec reveal a curious increase in the Nsize category during the day after working
with polymer coated ballast (Figur® an effect not noticed at night. The most important effect
is seen when tamping activities were performed, both during the nightirs (22 and 27
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September) but also during the next daily hours in the case of treated ballast when N

concentrations were more than double (common N values betweéhtines) compared to
normal conditions.
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Figure @. Density graphs of bkio concentrations on three size ranges 81, 1-2.5 and 2.510 pum)
during the night works normalised to the conditions without works. 227/09 ballast with water; 36/10
ballast with polymer dust suppressant.
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3.1.5. Tarragona

The mechanical ventilation systentilized in this station during the subway working hours
involves introducing outdoor air using fans (50 Hz) into the platform (impulsion) and removing
indoor air back towards street level (extraction) through vertical shafts in the tunnel. During
normal (veekday) night time hours there is no mechanical ventilation in the platforms and the
fans in the tunnel are reversed to introduce outdoor air into the underground system. For this
study, over a period of one week the normal ventilation conditions weregéd from impulsion

to extraction on the platform during daytime hours so that underground air was being removed
AAYdzZ GFyS2dzate FNBY 020K LI FGF2NY |opertiodatzy y S f
night hours there was no ventilation operating thre platform (as normal), but in the tunnel the
fans were maintained in extraction mode rather than reversing to the normal night time
impulsion (Figure30). The experiment was repeated in order to compare both warmer (June
2015; Stronger Tunnel Ventilati: STV) and colder (March 2016; Weaker Tunnel Ventilation:
WTYV) conditions, as the forced ventilation in the tunnel operates at stronger levels during the
summer heat (49 Hz versus 24 Hz in cooler seasons).

PLATFORM IMPULSION:
STANDARD PROTOCOL (St)

PLATFORM EXTRACTION:
NON -STANDARD PROTOCOL (NS)

Night

Figure 30 Ventilation setting for platformsand tunnel in Tarragona station during the study.

One immediate result that emerges from the data is that under standard ventilation
conditions average PM concentrations are consistently and substantially (35%) higher when the
fans are operating at recced levels (Figurgl and Table20: compare platform impulsion in STV
FYR Ay 2 ¢+Y B undéd axperingeptal codditions, when platform ventilation was
reversed from impulsion to extraction, air quality deteriorated sharply when the fans in the
tunnel were operating at higher power (Tab®®: compare 61vs.y m > H Thére was no
differencein PM levels produced by air flow reversal from impulsion to extraction when the fans
in the tunnel were operating under cooler weather/weaker ventilation settings (T2@l€5 to

bc FHIY
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Figure31. Time series of Sninute PMzs concentrations (ugn®) at Tarragona station during strong (STV)
and weaker (WTV) tunnel ventilation campaigns. Days when ventilation settings were different than the
standard ones have been highlighted in grey.

Table 20. PM2s concentrations (ug mi) at the Tarragona platirm during daytime on the days under
standard ventilation settings and different ventilation setting (opposed flow direction).

STRONGER VENTILATION NIGHT (0@5:00) DAY (0524:00)
Mean Median SD Mean Median SD
Standard ventilation 49 48 23 61 61 21
Modified ventilation 59 60 27 81 78 25
WEAKER VENTILATION NIGHT (0@5:00) DAY (0524:00)
Standard ventilation 50 54 23 95 82 18
Modified ventilation 54 53 27 96 81 19

The worsening of PM air quality produced by reversing platform ventilation fans from
impulsion to extraction during operating hours while the tunnel fans are running at hjgheer
in summer is also revealed by the OPS data (Fig®)reand demonstrated Yo comparing the bar
graphs ad on Figure33. This change in PM concentrations was not registered in the ambient PM
concentrations measured outdoors during the same time period and is therefore attributed to
the change in ventilation conditions (Figuré) 3There was, however, evidence for infiltration of
outdoor air, notably during two episodes of exceptionally highsiNconcentrations were
registered during the campaigns, on the night of San Juan, a bank holiday in Barcelona marked by
the extensive usefdireworks in the city, and Good Friday night during the Easter vacation.

The data on Figur&3 also allow comparison between operating hours (052000 =
G5! , €0 -opgtRingicuss (0001 pYnn [ abLDI¢é0 o6& &StSOGAyYy3
thus avoiding the confounding effects of the Barcelona Metro being open all night at weekends.
The OPSata (particle number concentrations) indicate that the rise in PM due to the switch
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from platform impulsion (PI) to extraction (PE) during operating hours with stronger ventilation in

the tunnel is most marked in the finer particle sizes. Thus average 8uddb 2 F G RIF @G A Y
submicronsized number concentration rise by 45% as compared to only a 25% increase in
coarser inhalable fractions (Figus&bcd). Under conditions when the tunnel ventilation fans are

operating with less intensity, only a slight increaseparticle number across all size ranges is

induced by switching from platform impulsion to extraction (Fig@&ch). The increase in

particle concentration could be observed immediately after the change of the ventilation
conditions from impulsion to @saction and did not show a progressive increase with time.
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Figure32. Time series of particle number concentrations at Tarragona station during the two sampling
campaigns indicating the days with different ventilation protocols.
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enhanced tunnel ventilation air flow during the summer months has the effect of inhibiting
gravitational settling and so maintaining high ambient PM and numbeigb&aitoncentrations in
platform air, whether or not the tunnel fans are operating on impulsion or extraction (Figure
33bcd). In striking contrast, when the night tunnel fans are working at lower power, both mass
and numbers of inhalable PM on the platfordtop by around half or more (Figui@3fch),
producing unusually clean conditions if allowed to remain undisturbed by, for example, night
time maintenance works. Judging from the night time data from both PM mass and number
concentration, whether or not thdgunnel fans are set at impulsion or extraction has little
observable effect on platform air quality when compared to the impact of increasing fan power
and therefore air flow rate in either direction.
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Figure 3. Daily time series of Plk concentrations (ug nf) at Tarragona station and at the urban
background ambient air site of Palau Reiial Barcelona during the two campaigns indicating the days
with the different ventilation protocol. Days when NAF and biomass burning episodes in the outdoor

ambient air were recorded are also highlighted.
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The effect of infiltration of outdoor ambient ain the platform of Tarragona station was again
variable (Figure 4. Neither the NAF or biomass burning episodes officially recorded outside
were detected on PM mass concentrations underground (although neither did they actually have
much effect outdoors)However evidence infiltration of outdoor is provided by the impact of the
San Juan firework fiesta, even though ventilation flow on that date had been modified to total
extraction in both platform and tunnel.

Particle number concentrations showed a clearement on concentrations for all three size
ranges when ventilation was changed to retandard conditions during day time hours in STV
settings, as shown in pink in Figurg Bhere horizontal axe indicate the number concentration
and the vertical the amber of data points for each concentration. This effect was not seen
during the night hours. However when ventilation power was weaker no effect was seen on N
values for any of the patrticle sizes, neither during night or day hours. It is interestingetdhad
during the night, N distribution shows two different peaks in all particles sizes, probably related
to two different particle sources that considering the timing should be linked to common
maintenance works.
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3.1.6. Collblanc

The modern ventilation system installed at the new, deep station of the L9S at Collblanc under
normal conditions during operational hours (08-24:00 h) involves platform air extraction fans
operating at 30 Hz and two tunnel air impuolsifans operating at 37.5 Hz. At night {0@05:00

h) the platform fans are turned off but tunnel impulsion continues. Air quality measurements
were carried out on both platforms: in this station platforms are located one on top of the other,
the lower one being the one in use by passengers (FigéreTheprimary aim of the campaign
was to compare platform air quality under normal ventilation condition with what happens if the
tunnels fans are shut off. Data were collected on the passengesenplatform for five weeks
(11" May to 27" June 2016). Durinthe first, third and fifth weeks ventilation conditions were
operating as normal, with platform extraction and tunnel impulsion. During the second and
fourth weeks the tunnel ventilation was shut down completely while platform ventilation
remained operatig as normal. From 37June to 11 July 2016, instruments were moved to the
out-of-service platform located immediately above, to compare platform air quality in the
absence of regular passenger movement but with occasional maintenance transport.

Figure 36. Sketch of the tunnel (left) and platform (right) design in Collblanc station. Figure by Vinals
(Own work) [CC BWA 3.0 (http://creativecommons.org/licenses/bga/3.0) or GFDL
(http://www.gnu.org/copyleft/fdl.html)], via Wikimedia Commons

Comparisons between the two different ventilation settings during metro operatingd(95
24:00 h) and noroperating (0G00-05:00 h) hours are presented in Takid, and Figur87 shows
the time series of Pl concentrations during the campaign at Collldastation. During both
intervals concentrations were significantly higher when the tunnel ventilation was not working,
this being especially notable during operating hours. Mean differences during operating hours
were more than doublefor PMes (22 vs 43 ad 26 vs 61 pg mfor night and daytime hours
respectively) concentrations. The transient peaks ok Pbbncentrations that can be observed
on Figure37 were mostly recorded at night and likely to be related to maintenance and cleaning
activities in thetunnels. PMys concentrations measured in the out of service platform of
Collblancstation, located on the upper floor, showed similar daytime concentrations to those
reported in the in use platform during operating hours under normal ventilation conditions
(Table21), although in this case higher peak concentrations were registeretb(6p1ug n°, 5
min. value)probably related to the passing of maintenance trains. A clear difference, however,
was that the upper platform had higher average PM levels at night (32 ng 22).
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Table21. PMzsconcentrations (ug 1¥) on the Collblanglatforms.

NIGHT (06)5:00) DAY (0524:00) ‘
Mean Median SD Max Mean Median SD Max
Normal ventilation (operational platform) 22 17 17 157 26 22 16 290
Tunnel ventilation off 43 38 30 297 61 59 15 127
Normal ventilation (noroperational platform). 32 26 35 502 28 26 19 651
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Figure37. Time series of Pl concentrations (ug ) at Collblanc station a) from f1May to 27" June
2016 operational platform (periods without ventilation at tunnel are highlighted in grey); b) from™2af
June to 11 of July in the noroperational platform.

Number concentrations of particles in 3 sizes are shown in Fig@irehich reveals how N
values on the platform increased from the moment the tunnel ventilation is shut down, and
quickly return to normal backgrouhlevels when the impulsion fans are turned on againuf€ig
38a). Individuaparticle numberconcentration peaks were registered along the campaign mostly
during operational hourgdifferently from coarser PM mass concentrations that were registered
duringthe nightt G KS Y2ad LINRPYAYSYyld 2F gKAOK Aa (KS
the 24" of June, when b1 reached values of 9337 # cimAnother event of high ¢ values was
registered on the 28 of May and coincided with a sulphate contetion of more than Sug m?®
in the ambient outdoor Pis. This will be discussed in the section dealing with the chemistry of
the filters. In the case of the neoperational platform N values were generally very low
compared to the lower platform (note the different scale in Fig@&b and a). In this case
isolated peaks for all three particle sizes at the same time were recorded and related to the pass
of maintenance vehicles or activities in the platform such as regular cleaning.
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Figure 38. Time series of particle humber concentrations at Collblanc stateynoperational platform
(periods without tunnel ventilation are highlighted in grey); b) neoperational platform.

Figure 3 presents bar plots for the first two weeks of the experiment (when OPS data were
available) and offers further insight into the distribution of ambient PM. Under normal
ventilation conditions on the Collblanc platform the numbers of particulates areptixcelly
low across each of the three size groupingsa{Mc2si2510 = 319/12/2) when compared to, for
example, conditions previously measured at Tarragona stationici(MN2.s2sx10 = 1293/68/8).
When tunnel ventilation is shut down the finest Pes over double in number whereas the
coarser inhalable particles rise founr fivefold (N.x11c2502.510 = 658/67/9). This preferential
increase in the coarser PM sizes has the effect of bringing:P¥dzY 6 SNE dzLJ G2 G ¢ NJ
levels (i.e. those wre typical of the older lines not fitted with platform screen doors), whereas
the numbers of finest particles ¢N1) at Collblanc still remain relatively low.

DT (ug/mi) OPS @/cm

mTVOn mTV Off

658
57 67
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PM2.5 NO.3—1 N1-2,5 N2,510
Figure39. DustTrak (DT) and OPS data in Collblanc station with tunnel ventilation (T\&nhdroff.
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The density graphs of N concentrations also shows this increment of particle number
concentrations for all three sizes ranges when tunnel ventilation in shut down (FQuréhis is
registered during the night hours but is even more clear during the day time. When comparing
the two different platforms when tunnel ventilation was on values are very similar in both of
them during the night time, but higher during the daytive operational platform as expected
(see how the pink area covers a wider and larger range of N values.

= A

o | 0:005:00h o

0.002-

Ventilation

=
e

TV off
. TVon
0.001-
0.000-
0 500 1000 1500 2000 2500 0 50 100 150 0 10 20 30
N0.3.1 N1.2.5 N2.5.10
0.003-
Ventilation
B TV off
= Tvon

o-

density
° ° °
= = =
S s S
8 2 S
o
< < 4
Y g <
< e < < o
> 0 ? - -

100 150 10 20 3

50
N1.2.5 N2.5.10

=

500 1000 1500 2000 2500 0
N0.3.1

.004-

N

0.003-
= .50~ Sampling.site
20.002- [ Operating
3 2 Nooperating

0.001- 1

0.000- -

0 500 4000 1500 2000 2500 0 50 100 150 0 10 20 30
NO.3.1 N1.2.5 N2.5.10
0.20- 05

0.003-
= sampling.site
@ 0.002- [ operating
3 [ Nooperating

0.001-

0.000-

o-

density
o o o
= e =
aq < <@
density
° e ° °
b= > = >

o-

100 150 20 3

S

500 chgJ1 1500 2000 2500 0 /
Figure40. Density graphs of averageoBho concentrations on three size ranges 81, 1-2.5 and 2.510
pum) during the change on ventilation ptocols in the station of Collblanc, under Tunnel Ventilation (TV)

on and off conditions, separating night {6:00) and day (£4:00) hours. Bottom diagram shows the N
values for the operationalpink) and nonoperational (grey)platforms.

10
N2.5.10

50



IMPROVE LIFE

Implementing Methodologies and Practices to Reduce
air pollution Of the subway enVironmEnt

The infiltration of outdoor ambient air was much clearer when the tunnel ventilation was on
(areas not shaded in Figusd) when a similar pattern on PMconcentrations was observed in
both outdoor and platform air even when the platform is 60 m deegtifging not only to the
strength of the ventilation system but also to the infiltration of tunnel air into the platform even
in the presence of platform screen doors.
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Figure 41. Daily time series of Plk concentrations (ug n¥) at Collblanc station ad at the urban
background ambient air site of Palau Reial in Barcelona during the sampling campaign in the operational

platform indicating in grey the days with the tunnel ventilation off. Days when NAF and sulphate
episodes in the outdoor ambient air wereecorded are also highlighted.
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Our experiment at Collblanc clearly demonstrates the importance of a strong tunnel fan
system in reducing contamination of tunnel and platform air by subway F&PM impact of
these fans on platform air quality is perhaps surprising considering the presence of brand new
full-length platform screen doors which might be expected strongly to inhibit air exchange
between platform and tunnel. However, recently pubishwork has already indicated that such
PSD systems do not prevent contamination of the platform by tunnel air (Martins et al., 2015;
Kwon et al., 2016). Our data strongly reinforce this conclusion and further demonstrate that with
platform fans operatingpn extraction such a PSD system will not stop inhalable PM levels from
doubling or even (for the coarser sizes resuspended by the strong train piston effect) quadrupling
if the tunnel fans are shut down.
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3.1.7. Tarragona/Palau Reial (air purifiers)

5dzZNAyYy3d GKS Latwh+9 Y2yAid2NRAYy3a OFYLI Adydf-iKS 2LL
the-t NII¢ FANJ LIJZNAFASNAR oO! FYyR .0 OdNNByidte Ay GF
machines were tested on the platforms of Tarragona and Palau Ré&iainrorder to observe any

effect on PMsconcentrations on the platform.

Purifier A is a set of six commercial air recirculationffiltration units. Each unit (60 x 73 x 55
cm, 178 W of Power and 1.1 A) is equipped with afgration F7 (certificate EN'79: 2012)
O2YLINR&AAY3I 3Tt aa YAONRTFAOSNI F2NJ LI NI AOf Sa gAi0K
H14 (certificate EN 1822: 2010) also of glass microfiber, with a supposed > 99.9% efficiency for
particles with a diameter between 0.1 and 0.3 mitketres. The internal recirculation / filtration
flow is regulated with a potentiometer from 0 to 660°m! for each unit. Purifier B is still under
research development and data on its construction are not available.

Maintaining the air quality measuringquipment always at the end of the platform, in the
case ofTarragonaplatform the air purifier A was located at two different places along the
platform, namely next to the monitoring equipment and in the middle of the platformns5
away, to gain some pspective on the influence of distance on the effectiveness of the purifier.
¢KS 0Sad NBadzZ G Ay GSN¥Ya 2F FANI ljdz-f Ad& AYLINE @S
Table22) when PM s concentrations at the end of the platform fell by 31% (61 ver88 ug )
when the purifier was placed close to the equipment (Figt@e With the purifier in the middle
of the platform however average PM fell by only around 10% (83 versus 94°ugnd with a
high standard deviation and median values actuallygasing, making the result uncertain (Table
22; Figured?). Interestingly, the daytime fall in PM levels adjacent to the purifier were not seen
at night, when the results were more variable and generally inconclusive, suggesting the purifier
functionseffectively only in the active air flow of train operational conditions

Table22. PM2s concentrations (ug ) at the Tarragona platform on the days using the air purifiers A
(top) and B (bottom) in the platform.

AIR PURIFIER A NIGHT (0@5:00) DAY(05-24:00) ‘
Mean Median SD Max Mean Median SD Max
Previous conditions without purifier (10/3/16) 45 38 26 176 88 92 17 125
Air purifier at end of platform (next to equipmes)t 49 42 29 240 61 60 16 148
Next week without air purifier 53 64 21 125 83 82 18 154
Previous conditions without purifier (25/4/16) 70 59 43 253 94 92 15 135
Air purifier at middle of platform (45 m away) 53 49 24 141 84 86 22 194
Next week without air purifier 58 56 25 141 91 92 20 172
AIR PURIFIER B NIGHT (0@5:00) DAY(05-24:00) ‘
Mean Median SD Max Mean Median SD Max
Previous conditions without purifier 49 44 23 193 84 85 20 258
Air purifier at end of platform (next tequipment) 56 49 26 181 122 118 35 317
Next week without air purifier 66 59 30 253 91 92 23 193
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In the case of purifier B a design problem in the prototype revealed itself when the filter
used to retain particles started to break down during the campaign due to too strong air flow,
resulting in the emission of particles coming from the partial deggiraition of the materials. This
produced a corresponding increment from 84 to 122 g imPM s concentrations during the
day, and 49 to 56 pg #during the night (Tablg2).
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Figure42. Time series of Pl concentrations (g r¥) at Tarragona statioron the days using air purifiers
A and B at the end of the platform compared to days without them.

Figure43 compares particle number concentrations with the purifier next to the monitoring
equipment (in greyorking andwhen it wasnot in operation It can be seen that with the two
equipments side by side all three size ranges in particles are successfully retheedensity
graphs for N concentration shown in Figure 44 also present similar results. Although there is no
clear effet during the night hours, it can be seen during the day that all 3 particle size
concentrations were lowergfey shadow area) when the purifier A was functioning next to the
monitoring equipment.
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Figure43. Time series of particle number concentrations at Tarragona stat{period when air purifier A
was operating next to the monitoring equipment are highlighted in grey).
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Figure44. Density graphs of averageohlio concentrations on three size ranges 81, 1-2.5 and 2.510

pm) during the time when the air purifier A was located at the end of the platform and before,

separating night (€6:00) and day (£4:00) hours.

Figure45 allows comparison to be made between the patterns of.PMvels recorded
within Tarragona subway station and those at the outdoor background station for Barcelona
during the platform purifier experiment. It is clear from these data that Tarragona is one of those
stations with little correspondence between outoloand indoor air. The difference is especially
noticeable when Purifier A was sited at epldtform and substantially reducing PM levels, but it
is also clear during times when the purifiers were not operating, for example around the 25
March.
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Figure45. Hourly PM:s concentrations on the outdoor ambient air during the measuring campaign in
Tarragona showing that levels did not follow the same pattern as in the station (Figi@ewhen the
purifiers were operating.
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In Palau Reiatame two air purifiers (including a new version of purifier B) were located at the
end of the platform during different periods and always adjacent to the monitoring equipment.
In this experiment both types of machine reduced RMvels during the nightalthough purifier
A achieved reductions of 38% (Rg§ n1°) whereas purifier B managed 18%(@ n®, Table23
and Figure 4B which, with a high standard deviation, makes the latter result inconclusive.
Daytime data were similarly inconclusive, with apgpd@r average reductions of 1P0%
accompanied by much daily variation and high SD values (Z&plélowever, this is not to say
that these machines were not having an effect because during the period that the purifier A was
being used simultaneous measurents were carried out at the following station in L3 (Maria
Cristina) to test if any particle concentration trend could also be recognised one station down the
line and was therefore unrelated to the purifier. Figu4& shows the PMs concentrations
measued simultaneously at both platforms and demonstrates a difference between the two
stations when purifier A was operating (note the enhanced separation of red and blue curves on
this figure). Thus any beneficial effect deriving from the purifier is obschyethe high level of
RFEGlI ay2AirasS¢eé 2y tlftldz wSAFE LIXFOGF2NY RdzZNAyYy 3
section dealing with the chemical data for this campaign.

Table23. PMzs concentrations (ug ) at the Palau Reigblatform on the days using air purifiers A and B
at the end of the platform compared to days without them.

NIGHT (0D5:00) DAY (0524:00)

Mean Median SD Max Mean Median SD Max
Previous conditions without purifier (15/10/1¢ 60 60 5 73 50 49 11 83
With air purifier A 37 37 7 56 44 43 7 74
Previous conditions without purifier (1/11/16) 50 47 5 67 65 63 12 103
With air purifier B 41 41 9 88 54 54 11 96
120

PurifierA PurifierB
100 -
80 -
60 -
40 -
20
[0] T T T T T T T

11/10/2016 15/10/2016 19/10/2016 23/10/2016 27/10/2016 31/10/2016 04/11/2016 08/11/2016

Figure 46. Time series of Pl concentrations (ug nf) at Palau Reial statioron the daysusing air
purifiers A and B at the end of the platform compared to days without them.
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Figure47. Daily time series of Pl concentrations (ug i) at Palau Reiaand Maria Cristina platforms
during the sampling campaign indicating in grey the days when the air purifier A was operational in
Palau Reial.

Outdoor and indoor levels at Palau Reial during the air purifier experiments are compared in
Figure 8 and demorstrate great variation. General trends, such as rise in levels between the two
purifier episodes, indicate some similarity, but there is much noise. This is not surprising, given
the difference between conditions in the urban background station and thdsRatau Reial
metro station which is immediately adjacent to the multilane Diagonal highway.
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Figure 8. Hourly PM: concentrations on the outdoor ambient air during the measuring campaign in
Palau Reial.
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3.1.8. Measurements inside trains and the effect air conditioning.

Data on PMs concentrations provided by DustTrakonitors were obtained in an intermediate
driver cabins. These cabins are not in use, so they were chosen as a compromise between
meeting conditions for uninterrupted continuous measurement and not obstructing the
commuters or driver during normal actiyitThe selected rolling stock form part of the old fleet

2T [o 6onnn &aSNRSaA0 6KAOK O2YLINR&S G2 GNIAya |
cabin lies in the centre of the train. BMlevels were simultaneously measured in a passenger
carrige during four 230 min trips, also using a DustTrak monitor. The linear correlation
between PM;s levels measured in the intermediate driver cabin and in the passenger carriage
shows a coefficient @Rof 0.70 and a slope of 0.76, confirming that airidesthese cabins is
indeed representative of the passengers' exposure as they have the same ventilation system as
the rest of the carriage.

The AJ/C filters are normally regularly replaced every month according to current
manufacturer protocol. Measuremesitin the train started when all air conditioner filters were
replaced. Filters were changed again after one month (following the established TMB protocol)
but then were left in place in order to evaluate any effects on air quality by doubling the service
life of filters from one to two months. To test the reproducibility of the results, a second
campaign was carried out in a different train of L3. In this case air conditioner filters in the
selected train had been changed one month before the beginningesampling campaign, and
were not replaced again for the whole campaign, allowing us to observe air quality up to three
months after filter replacement.

As has been demonstrated in previous publications, the use of air conditioning inside
subway train caiages results in a clear drop in PM concentrations inside the train carriages,
especially with regard to coarser inhalable particles (Chan et al., 2002; Querol et al., 2012;
Martins et al.,, 2015). This was further confirmed during our A/C filter expetimeith the
DustTrak equipment located inside the train registering meanfMS @St a 2F *8c 5 MO
during subway operation hours, this beingc80% lower than those recorded on platforms of L3
stations during the same period (a high linear correlatigh= 0.70, was observed between daily
levels recorded inside the train and those simultaneously measured at platforms of L3 stations).
Table24 shows average weekly BMlevels across the 3 month monitoring period (measured in
three different periods)t a €t S@Sft & ¢ SNB*Jiha &S wakks of fhe campaigri Y
(early to midWdzf @ 0 X RS ONXB I & » ¢pabsibly InfluenSetd ByéBarcefona erifieiing its
ddzYYSNJ K2f ARF& LISNA2R ¢KSYy GKS ydzyoSNekkerii (NI Ay a
ST¥SOU¢ RSONBFaAS 27F dzZLlJ 42 wm: 2y ¢SS{TRFe& fS@St
underlying reason. The most important observation arising from collecting these data, however,
is the fact that PMls concentrations appear unaffected by tharse filter being used for over 90
days. Although current protocols operate on the understanding that these filters need to be
replaced monthly, our results indicate that (at least in terms of air quality measured in inorganic
particle mass) there is no olmus need for such frequent replacement, offering the possibility of
considerable cost savings.
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Table24. Mean concentrations of Pk (ug n®) measured inside a train across three monitoring periods
with the same A/C filter.

Weeks after changing Aflter 1 2 9 10 11 12 13
Train 1 (1 month) 40 47 43 43

Train 2 (2 months) 41 41 40 36 31 38 33 32 30

Train 3 (3 months) 46 43 35 33 31 32 31 35 34 35

3.1.9. Brake emissions

Four different types of brakes (H4) are used by theubway trains in Barcelona. Of them Bl

and B4 are used in all (100%) trains of lines 2, 9 and 10 (B1) and line 5 (100% B4). Brakes 3 and 4
are used in some of the trains of lines 3 (80% B3) and 4 (62% B2). The stations considered for the
study o the effed of the brake composition in the platform BMchemical composition are

shown in Tabl@5.

Table 25. Subway stations considered for this study indicating PMaverage gravimetric (filter)
concentrations (ug n¥) and types of brakes of trains runnintprough the station

Station (Line) Brake PM; 5
Santa Coloma (L1) 71% B3; 29% B4 65*
Tetuan (L2) 100% B1 93*
Palau Reial (L3) 80% B3; 20% B4 87
Maria Cristina (L3) 80% B3; 20% B4 80
Tarragona (L3) 80% B3; 20% B4 61-95
Joanic (L4) 38% B1; 62% B2 70*
Sagrera (L5) 100% B4 37
Sant lldefons (L5) 100% B4 42
Collblanc (L9) 100% B4 26
Llefia (L10) 100% B4 32¢

*own data from previous studies when no night works were carried out (Martins et al., 2016).

~ s

The chemical composition of eachrake pad is shownhA y G KS ySE(G aSOGAz2y
O2YLRaAlA2Yy 2F &adzmsgleée O02YLRYySylhacod
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3.1.10. Summary

1 Average PMs levelsin the nine stationsduring the working day ranged fro@6to 95 g
m=3, with higher values being recorded in the platforms of stations fron®&3ig nmin
Tarragona, an®7 pg m2in Palau Reipland lower irthe station of I9S with PSD&6 g
m=in Collblank

1 Nightmaintenanceworkstypicallyproduced an increase in BN which in extreme cases
can reach> 1000ug m? (5-minute value)when addingnew ballast, > 900 pg frwhen
doing welding operations or > 800 pug*mhen heavy vehicles transporting material pass
the station.Such increases are transient, rarely last more than 2 hours

1 Changes in the direction flow of theentilation produced on averageraincrease in
daytime of PM, s concentrationsof up to 19% when fans in the tunnel were operating at
higher power.

9 Turning tunnel ventilation off produced an increase of around 60% Ribs
concentrations during daytime.

9 The use of aipurifiers in the platform reduced PM concentrations up to 27% during
daytime in the proximity of the equipment.
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3.2. Chemical composition odirborne particles in the subway

This sectionfirstly reports on the chemistry of the different subway materials potentially
responsible for contributing to ambient PM, namely the train wheels, brakes, brushes and
pantographs, the catenary system, rails and balldstis is followed by an analysis tife

chemistry of fine particulates (P breathel on the subway platforms at 10 different stations

on 7 different lines within the Barcelona metro system. Finally the key elements that comprise

GKS OKSYAOIfte& RAAGAYOG & admdérgraundtsystem arehdach LINE R dzC
investigated to reveal how the various subway materials contribute to the aerosol loading of
inhalable platform particles.

3.2.1. Chemistry of subway components

The chemical compositions of different subway components likelyottdribute to the ambient
inhalable airborne aerosol burden are presented in Tallewhich provides a detailed listing of

the chemistry of ballast, catenary, electric brushes, three types of pantograph, four different
types of brake (one of them havingvd different parts namely Brake3dark component, and
Brake3rfred component), two different types of rail and five different types of whé#ure49

and 50 show a comparison of the different chemical composition of these subway components
using linear and logarithmic scales, respectively. These chemical compositions provide a proxy for
the chemical composition of the emissions generated by these componadtsan be used as a
background database when investigating the sources of the subway ambiest PM

Theballastused in the Barcelona subway system is a grey granite, and therefore is mostly
composed ofSi andAl, followed by Fe, K, Ca, Na, Mg and Ti €2l Not all stations use ballast
to hold the railtrackswhichin some cases aresteadlaid on concrete, the composition of which
is rich in calcium carbonate. Both ballast and concrete have different properties: while ballast
needs more frequent reptement it is less noighan concretewhen trains circulate. The erosion
of ballast pieces and especially their renewal can produce significant resuspension and emission
of mineral dustComparing ballast rock chemistry with the metallic subway comporestésl on
Table 26 it can be seen that ballast can be expected to contribute much of the Al, Ca, K, Na, Li and
Rb found in dust generated underground in the subway environment.

Presentation of IMPROVE LIFE project

Image from a video showing the activities carried out in IMPROVE LIFEgqirbigp://improve -life.eu)
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61



— —
[uL
I
.Iuﬁmn_ I|D
II| |r_|_|
-M.s :
: L
| ad S
i m [eL h n o S
Il -”mO o .w_ﬂ_ 5 __.hm._. 4 \P
w S — T | [1d nh : i
o as ||-o : B
=} om - U £ e >> - |
° ] | uS i - e X~ i m = 6
e -8 : : 2L 2m
R 3 m O\ | : | . I (
ouw : : | l ud
= — I ] [Ye] o : i
£ 1z 3 : 4
S = : on M Ele) O =T
m m lIIu._m . QZ . MI_ ﬂr.v n\(u} n
i | 4 5 1Z as b= c ©
c .| . > d us o © —~
LL Q= s is 3 = :
_— c m SY 2 e | e e
| e -.w Qm Im_m ﬂ ON O © X
= s 2 m— ° s o & aN n ST
@« : | :
c — U ..1|. |w< | k_N 0 B
Wl < s [ uz = ° - > 1
b e | $ | o n k
] LN o 2 hw b r
s 2 — 0D | | !
L wn —— U " | : QN_ C .
0 Do — W ; : mm b
I : : } [s2] — M
_— m— \ o] ® : m< | e
R = - un g X . ®9 ESS
| -_h | : : g eo EQ S
D (=] — 0S l | i
S c m og A l : ii
¥ —— £ _Z %h |
M .Lu .IIu.m ||0m OMV 0 w a
M gm ——— ! C_Z | wwu
— I I_ IIIII._
£ 0 eN : | : m
= o [ B B = i r
m.r .2 | NooBEE
g ® - [en om :
—_— F El m_>_ wm_ m :
w I|30 - v_ 1 w o o
[« X III:MMv |®H_ : m % .M
£ - n.f
- v : n_ | w |
8 o 693
III| - DS_ m }
| N . v_ | | %
L] == an——
P T _o N =" i
s © o o 9 : mo i
o o o o S 2 8 O mm i
) S S 3 g g i
s © 9 > @ 9 8 g 8 _< I
o © o N 3 = 8 8 - g $ mwl
g 5, © Q9 g e
s © Q9 3 o 2 223338 38 z m 1
s 2 3 owmommo - 2 g : %mm
. . 0 0 _ 1 Y
o c 2 8 % _._m o m_ by 3233 9 ’ g E
o © 2 o 9 % S 8 8 3 3 g -
o © c 2 g g8 i 5 ﬂ
= c © 8 g = © g
S © S $8%
c < 3¢S
S D85 5
Lol




Implementing Methodologies and Practices to Reduce

IMPROVE LIFE

air pollution Of the subway enVironmEnt

Table26. Chemical composition of ballast, catenarglectricbrush, graphite pantographs brakes, rails and wheels.

| Ballast| Catenary| Brush| Pant. 1| Pant. 2| Pant. 3| Brakel| Brake2| Brake3| Brake3d| Brake3r| Brake4| Raill | Rail2 | Wheel0 [ Wheell| Wheel2| Wheel3| Wheel4 | Wheel5
%
C <0.1 <0.1 95.40 | 35.00 78.66 70.13 25.33 28.51 38.71 43.00 24.50 27.36 0.70 0.80 0.50 0.48 0.49 0.49 0.48 0.48
H 0.12 <0.1 <0.1 0.10 <0.1 0.11 2.43 2.49 2.45 2.50 2.40 2.49 0.00019| 0.00014 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
N <0.05 <0.1 <0.1 0.30 0.47 0.51 0.30 0.30 0.85 0.70 1.35 0.24 0.00395| 0.00490 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
Determ. 20 96 96 42 100 91 86 98 62 64 55 86 100 100 100 100 100 100 100 100
ppm
Al 83008 <0.1 0.03 719 816 544 26116 19841 41270 10346 11 15 0.05
Ba 591 10 28 7 85 136 17199 14206 | 32988 47918 5374 373 0.10
Ca 23491 <0.1 0 1318 1207 1026 24216 | 22013 | 38472 28571 63929 55577 0.05
Cu 35 950000 | 1000 | 66056 | 197104 | 197852 | 77766 | 112119 124 49 53 212 170 160 1000 70 1960 1410 280 400
Fe 29705 9000 3000 277 1353 529 333500 | 369480 | 19119 10500 41650 | 422672 | 979730 | 979595 980000 983570 | 981840 | 982500 | 984130 | 984770
K 29221 <0.1 <0.1 83 2549 2074 2904 <0.1
Mg 9783 <0.1 <0.1 272 23377 20377 | 47579 31200 90000 10385 <0.1
Na 21952 1064 265 304 4454 3339 7419 1863
P 589 <0.1 <0.1 873 437 437 655 165 150 <0.1
S 163 <0.1 <0.1 1970 3178 2848 26442 22234 | 15506 18200 7200 19393 99 110 <0.1
Li 28 <0.01 9 10 9 1.4
Be 2.0 <0.01 1.1 0.9 1.5
Sc 8 <0.01 4 4 9 0.7
Ti 2716 53 28 18 43 13 36 15 1937 1500 3000 625 13 30 10
\ 61 17 1 65 18 174 4 3 42 38 68 32 10 15 15 20 20 20 10 20
Cr 76 131 22 1.0 18 6 159 138 98 77 170 171 175 300 1173 2300 2210 2130 2430 2200
Mn 646 40 1 4 16 6 2615 1793 672 775 1549 3326 10750 11300 7000 7400 7250 7290 7540 7300
Co 5 1 <0.1 1.4 1 4 17 12 9 10 7 10 <0.1 80
Ni 39 54 9 67 20 193 103 169 18 11 25 51 181 210 782 1400 1270 1250 340 400
Zn 61 102 115 6 122 33 67279 | 95462 | 10161 11649 5624 32922 6
As 2.1 2.9 <0.1 3 1.1 29 22 3 1.7 1.8 16.3 51
Se 1.3 <0.1 1.5 1.4 1.9 3 0.8 2.8 1.3 2.3 <0.1
Rb 112 1.0 9 9 9 2
Sr 160 4 1.7 3 5, 5, 306 288 1210 548 381 67 <0.1
Zr 35 1.2 <0.1 1.0 1.1 0.8 52 54 69 19 <0.1
Nb 10 0.9 <0.1 0.3 13 8 22 4 10 10 11
Mo 7 2.9 2.4 1.0 5 4 65 34 521 728 68 2629 10 10 451 440 550 500 470 110
Cd 1.1 4 0.6 0.9 0.2 2.5
Sn 3 0.9 15 2.0 3 3 10 30 16 15 29 130 10 20 95
Sb 12 5 30 6 3879 1947 30 26 69 15 10 25 24
La 20 1.2 10 10 17 3
Ce 43 1.1 20 18 36 6
Nd 22 <0.01 10 8 16 3
Hf 1.2 <0.01 1.2 1.1 1.4
W 39 1.8 1.6 <0.01 1.7 1.2 1.4 7 91
Pb 17 2.4 4.2 7 9 13 453 3407 7 5 11 20 <0.1
Bi 0.8 9 19 13 5 5
Th 10 <0.01 2.2 2.1 4 0.8
U 3 <0.01 0.9 0.9 1.2
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The catenary is the system of overhead wires (107 f)nthat supply electric power to the
subway trains, ands made almost entirelyof Cu (Table6). The power is transmitted to the train
through thepantographthat connects with the catenary. In the Barcelona subway system there are
three types of pantographs in use, those made of Cu (only presenda 8f L4) and those of
graphite Two of the graphitic pantograpiipescontain 7680% C and nearly 2@00ppm Cu(types
2 and 3: Table & whereas the othertype has only 35% @nd 66,000 ppm Cytype 1). The
pantographs also contain small amounts of other elements most of which are present in much higher
concentrations in all types of brakes (see belomi}h the exception in some cases of V, Ni, Al and Na
(Table B). In summary, comparing the component chemistries on Tablé 2an be deduced that
pantographs are potentially important contributors of C and Cu (and in some cases possibly V) to
airborne particles in subway aitn the Barcelona metro, pantograph 1 is the dominant type used in
L1 (71%) and L3 (80%), and is to a much lesser extent also employed in L4 (33%). Pantograph 2 is
used in L2 (100%) and L4 (37%), and pantograph 3 is found in D1 (39%0%) and in all trains on
linesb, 9, and 10Table 27.

Presentation of IMPROVE LIFE project
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ANALYSIS OF PANTOGRAPH WEAR

Image from a video showing the activities carried out in IMPROVE LIFE préjgept/(improve -life.eu)

Table 27. Distribution (%) of the 3 different type®f graphite pantographs (Table&) used in thedifferent
lines (L1L11) in theBarcelona subway system.

Pantograph Cu 33

Pantograph graphite 1 71 80 33 100
Pantographgraphite 2 100 34 100 100
Pantograph graphite 3 29 20 100

Wear patrticles fromelectric brushescan be present in the subway and are also made of
graphite (95% C) with traces of Cu andaRd other metals such as Cr, Zn and I8Barcelonanly
80% of subway trains in L3 and 71% of trains in L1 are equipped wgh trasheswhich can be
expected to contribute to the carbonaceous component present in subway aerosols

Four different types obrake padsare used in the Barcelona subway,luting both lateral and
frontal mechanisms from brakinghey show considerable variations in their major and trace
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element chemistriesTable B). All brake types are carbemch (>25%C) with brake 3 being the most
carbonaceous at 39%C, mostly concentdgite the dark material forming this brake (Tab®.2Brake

3 (B3) is also especially enriched in Ba (33,000 ppm), although there are also high levels of this
element in B1 (17,000 ppm) and B2 (14,000 pdngkes 1, 2 and 4 are all ferruginous-é3% Fe)

but have different trace element signatures. Both B1 and B2 are enrich&d {811%), Zn (40%),

Sb (24%)and S (B%),whereas B3 iselativelyhigh in Al (3%)Ca (4%), Mg (5%), Na (0.4%), Sr (1,210
ppm), V (42 ppm), and Bi (19 ppm), and B4 hastbkest levels of Ca (5.5%)n (3326 ppm), Mo,

(2,629 ppm), Cr (171 ppm) and Sn (130 ppm). Taken together, brake pad wear can be expected to
contribute significant quantities ofe, CBa, Cu, Zn, Ca, Mg, S, Mn, $to, and Sb to Barcelona
subway air. The use of the different brake types across the whole metro sysiershiewn on Table

28.

Table28. Distribution (%) of the 4 different types of brake pads (Taldé) used in thedifferent lines (L1L11)
in the Barcelona subway system.

 Brakel 100 38 100 100
Brake 2 62 100
Brake 3 71 80
Brake 4 29 20 100

Two types ofail trackl NB dzaSR Ay (GKA& &adzomgle aeadasSy gA0GK &
(Rail 2-54HSMis only used in L11, which represent <3% of the rail system). In any agise th
composition is very similar witB8.8% Fe and 1.1% Mn. Finally the five different whesésby the
Barcelona subway trains have almost identical compositio similarly to the rails are made of Fe
(99%) and Mn (0.7%) with small traces of Cu, Cr and Ni (A&ble

Close analysis of particles emitted by these subway pieces under scamdrigansmission
electron microscope(SEM and TEM respectivelgave shown them to be very heterogeneous
compositionally (Figre 51), with clear areas enriched in specific elements, many of them being brake
flakes, namely slices of oxidised ferruginous eadonaceous material dissociated from brake pad
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RAIL/WHEEL BRAKE PADS
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Figure51. TEM elemental mapping of Barcelona subway BMamples showing the heterogeneity of these
particles chemically (from Moreno et al., 2015).

3.

Mo

.2.  Chemistry of ambient air in different subway lines

The detailed information presented above on the chemistry of subway components likely to source
PM emissions provides a database with which to compare ambient aerosol chemistry in the different
lines of the Barcelona metro. Average chemical compositiofdvbi sampled from lines-b and 9

10 is provided on Tab9, along with a summary of the components used for each line.

Figure52 compares the major chemical components present in ambient Fbt each of the
stations monitored in the sampling campaigii$ie station with the worst air quality, Tetuan, is the
only one serving one platform, with pollutants concentrating in a smaller air volume. The stations
with the best air quality correspond tthose with platform screen doors, which inhibit free
movement of contaminated tunnel air into the platform. Two broad initial observations can be made
from this figure. Firstly, in the older platforms without screen doors the chemical hierarchy is always
ferruginous (FePM) > carbonaceous aerosols (CA) >> mineral dust (crustal) and sulphatic compounds.
Whether the data are massormalised or not, it is Fe and C that dominate the chemistry of the
subway environment. Secondly, the three stations from L3 (P&ial, Maria Cristina and
Tarragona, all with similar designs) all show similar compositions whereas the three stations with
similar designs but different lines (Santa Coloma, Tarragona and Sant lldefons) show different
chemistries. Thus each line seetashave its own distinctive chemical signature.

These differences in subway line chemistry are likely to be linked to aerosol emissions from
different moving components used by the traifable 29 and the histograms in Figur8 5
demonstrate that there arenotable differences in trace element signatures between lines, for
example the three stations of L3 habarium concentrations of around 14600 ppm whereas
lines 2, 4 and 5 have Ba levels <150 ppm. Similarly L2 and L4 show much higher levels bfsSb. In t
section these and other chemical differences are investigated and likely sources identified.
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Not determined 0,4 31 39 04 5,0 8,6 2,7
H Trace elements 1,4 1,0 2,3 2,2 2,3 1,4 0,5 0,6 0,2 0,3
Na+Cl 0,5 0,8 0,3 0,5 0,4 0,5 0,3 0,6
SIC 2,5 5,0 2,8 2,8 3,8 14 2,7 13
m Insoluble SO42- 2,2 25 35 33 3.2 1,3 1,3 13 1.8 0,8
uCA 23,8 22,8 235 215 20,0 14,5 14,0 9,5 6,9 9,6
m Crustal 7,5 8,1 8,6 6,6 9,4 4,9 3,7 3,9 3,8 29
m Fe203 24,4 51,5 373 37,1 35,1 46,7 15,0 215 4,2 15,5
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Santa Coloma  Tetuan Palau Reial MariaCristinz# Tarragona Joanic Sagrera | Sant lldefons, Collblanc Llefia
L1 L2 L3 L4 L5 L9 L10
Not determined 0,4 4,0 52 1,1 12,0 33,8 7,9
H Trace elements 2,3 1,1 2,9 3,1 3,0 19 13 13 0,6 0,9
Na+Cl 0,8 0,9 0,4 0,7 0,5 0,7 0,9 1.7
SIC 4,0 55 3,6 3,9 4,9 18 7,2 4,0
m Insoluble SO42- 3,5 2,7 4,4 4,7 4,1 1,7 35 3,1 7,2 2,3
uCA 38,7 25,2 29,9 30,6 259 19,5 36,8 22,8 26,9 28,4
m Crustal 12,3 8,9 10,9 9,4 12,2 6,5 9,6 9,4 15,0 8,7
mFe203 39,6 56,9 47,5 52,7 45,4 62,6 39,5 514 16,6 46,1

Figure52: Major chemical components present in PMdsampled from the 10 stations monitored during the
IMPROVE LIFE work programme. The cartoons depict station design (see Figure 1). The upper histograms
show measured mass data, whereas the lower diagrams are normalised to mass.
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Ba 817 72 1505 1400 1493 149 99 35 29 14
mZn 195 191 251 246 277 268 105 218 36 70
uCu 103 228 140 133 130 469 112 61 18 41
= Mn 193 358 225 244 241 314 96 145 36 103
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Santa Coloma Tetuan Palau Reial | Maria Cristina| Tarragona Joanic Sagrera Sant lldefons|  Collblanc Llefia
L1 L2 L3 L4 L5 L9 L10
Ba 132,9 7,9 191,6 198,9 193,3 20,0 26,2 8,5 11,2 4,3
mZn 31,7 21,2 32,0 35,0 35,9 36,0 27,6 52,1 141 20,9
mCu 16,7 25,2 17,9 18,9 16,9 62,9 29,6 14,6 7,1 12,2
= Mn 314 39,6 28,6 34,7 31,2 42,1 253 34,5 14,2 30,8
uCr 3,6 4,9 3,9 4,1 4,2 55 2,9 51 1.2 4,9
mSh 0,6 4,0 0,4 04 0,3 131 12 13 0,9 4,4
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project. See text for explanation.
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Table ®. Average chemical compositions of P¥lsampled from lines 15 and 910, along with a summary of the components used for each lifiewn data from
previous studies when no night works were carried out (Martins et al., 20X&).Includes filters from two campaigng2) Filters not related to mjht works only.

Line L1 L2 \ L3 L4 L5 \ L9 L10
Brake 71% B3; 29% B4 100% B1 80% B3; 20% B4 38% B1; 62% B2 100% B4
G Brushes 71% trains - 80% trains -- -
Pantograph 71%P1, 29% P3 100% P2 80% P1, 20% P3 37% P2, 33% P1 100% P3 100% P2
Ballast NO NO YES YES NO YES NO
Station STA COLOMA TETUAR PALAU REIAL) MARIA CRISTING  TARRAGONA) JOANIE SAGRERA SANT ILDEFON COLLBLANC LLEFIA
ug/ms Ave. sd Ave. sd Ave. sd Ave. sd Ave. sd Ave. sd Ave. sd Ave. sd Ave. sd Ave. sd
| PM.s 61 14 90 19 79 24 70 13 77 21 75 17 38 10 42 13 25 5 34 6
TC 17 5 16 4 17 5 15 3 14 4 10 2 10 3 7 2 5) 3 7 3
| saz 2.2 0.6 25 0.7 35 1.0 3.3 0.6 3.2 0.8 13 0.5 13 0.7 1.3 0.5 1.8 15 0.8 0.3
FeOs 24 7 51 13 37 17 37 9 35 10 47 14 15 5 22 10 4 2 15 4
[ ALOs 0.8 0.3 0.6 0.2 1.2 0.6 0.9 0.1 1.2 0.7 0.6 0.1 0.4 0.2 0.5 0.5 0.4 0.1 0.2 0.1
K0 0.3 0.2 0.6 0.2 0.3 0.1 0.2 0.0 0.3 0.1 0.3 0.1 0.3 0.1 0.3 0.3 0.8 0.8 0.2 0.1
| Ca 15 0.7 18 0.5 1.0 0.4 0.9 0.2 14 13 0.8 0.2 0.6 0.2 0.6 0.3 0.8 0.7 0.7 0.3
Mg 0.4 0.1 0.3 0.1 0.6 0.3 0.5 0.1 0.6 0.2 0.2 <0.1 0.1 0.0 0.1 0.1 0.1 0.1 0.1 <0.1
[ Na 0.2 0.1 0.3 0.1 0.3 0.1 0.2 0.1 0.3 0.2 0.2 0.1 0.1 0.1 0.2 0.1 0.2 0.1 0.2 0.1
ng/m3
| Ba 817 267 72 14 1505 796 1400 421 1493 446 149 36 99 28 35 16 11 4 14 8
Cu 103 32 228 47 140 69 133 29 130 40 469 146 112 33 61 24 16 9 41 13
| Mn 193 59 358 92 225 112 244 60 241 73 314 85 96 34 145 59 33 16 103 24
zn 195 62 191 86 251 103 246 58 277 115 268 64 105 71 218 74 37 23 70 25
[ cr 22 6 45 12 31 15 29 8 32 11 41 12 11 4 21 11 3 2 17 4
\% 4.6 1.5 5.3 2.8 5.6 3.3 3.2 1.1 5.0 2.1 35 2.2 19 1.0 2.8 1.6 4.0 2.4 2.6 14
| Co 11 0.3 15 0.4 19 1.2 1.6 0.4 1.6 0.4 19 0.5 0.8 0.3 1.3 0.5 0.2 0.1 0.5 0.1
Ni 10.2 3.0 6.7 1.6 18.0 8.7 16.0 3.1 16.9 4.4 115 3.1 6.8 2.4 10.7 4.8 3.4 1.1 3.6 1.0
[ As 15 0.4 1.9 0.4 1.7 0.6 15 0.3 2.0 0.6 2.7 0.7 11 0.4 1.6 0.6 0.3 0.1 0.7 0.3
Se 0.3 0.2 0.3 0.1 0.5 0.4 0.4 0.1 0.3 0.2 0.2 0.1 0.2 0.1 0.2 0.1 0.2 0.1 0.3 0.1
[ Rb 0.8 0.3 1.2 0.3 0.9 0.5 0.7 0.1 0.9 0.3 0.7 0.2 0.4 0.1 0.5 0.4 0.3 0.1 0.5 0.1
Sr 18.7 5.5 8.4 2.9 39.6 183 36.1 10.6 415 135 42 0.9 3.7 1.0 2.0 11 2.5 11 1.7 0.6
| Zr 6.5 1.9 183 114 18.8 3.7 17.5 0.8 15.3 2.8 9.0 4.6 16.3 1.3 11.8 24 10.7 3.8 16.2 104
Mo 24.8 11.6 117 9.5 27.3 113 225 6.8 275 10.0 19.0 7.2 10.0 42 19.1 8.1 <0.1 1.8 1838 15.4
| cd 0.2 0.1 0.3 0.1 0.2 0.1 0.1 <0.1 0.2 0.2 0.2 0.1 0.3 0.1 0.2 0.1 0.1 0.1 0.2 0.1
Sn 8.0 2.1 9.6 2.2 9.7 3.3 9.2 1.1 8.3 25 8.1 1.8 9.6 35 6.3 2.1 2.0 0.9 34 1.3
| Sb 34 1.1 36.4 9.3 2.8 0.9 31 1.0 24 0.6 97.4 213 4.7 1.6 54 2.2 2.3 1.1 14.8 5.7
Pb 10.7 4.2 113 5.4 8.4 4.4 7.9 14 7.2 2.3 128 3.4 26.1 10.1 14.6 7.9 0.3 0.3 6.8 5.4
| Bi 0.9 1.5 0.5 0.2 0.3 0.2 0.3 0.1 0.3 0.3 0.2 0.1 0.5 0.2 0.4 0.6 0.1 2.4 0.6 14
La 0.5 0.1 0.5 0.1 0.6 0.2 0.3 <0.1 0.6 0.2 0.6 0.1 0.5 0.1 0.4 0.2 0.2 0.1 0.2 0.1
[ ce 1.0 0.3 11 0.2 11 0.4 0.7 0.1 11 0.3 1.2 0.2 1.2 0.3 0.7 0.4 0.3 0.1 0.4 0.2
L CSIC[+ 69
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STA TETUAN PALAU MARIA TARRAGONA JOANIC SAGRERA SANT COLLBLANC LLEFIA
COLOMA REIAL  CRISTINA ILDEFONS

3.2.2.1. Barium Group: Ba, Sr, Zr, Ti

Average concentrations of Ba measured in the Barcelona outdoor city background station are 5
> 3 P %%o0 that subway Ba levels in L3 are around 300 times higher than above ground. The
reason for such a dramatic increase in Ba is attributed to the fact that 80% of the brakes used on
that line are type 3 and contain exceptional amounts of this tracer efér(@a 33000 ppm). The
darker, more carbonaceous component in these brakes contains nearly 5% Ba ZBabi\®

other subway source is Bi&h so thatmost ambient Ba in L3 (around g n®) is likely to be
directly related to brake wear. Similar behavidsrshown by Sr, levels of which are strongly
enriched in L3 brake shoes (Sr 1210 ppm) in type 3 brékasle 26). The data from Santa
Coloma indicate that L1 is also rich in Ba and Sr, although at Ba 817 ppm and Sr 19 ppm this is
around half that measudin the L3 stations which have Ba 1466 ppm and Sr 39 ppm. The reason
for thiswill in partbe due to the fact that L1 brakes contain 11% less Ba and Sr than those of L3
(Table30) but we suggest that a more important influence is likely to be the fadt tBatrains
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need tobrakemore than those of L1. The L3 route descemadsioping piedmontrom the higher
ground around 100m above sea leveht the western entrance to the cityo the coast at
Drassaneshen immediately climbs back upe piedmont to thebase of the Collserola Hills. In
contrastL1 runsthrough the city centregparallel to the coast and is essentially horizontal. Similar
behaviour is shown by Zr and Ti, although the increased levels of the latter are in part masked by
the fact that Ti concetrations in ballast are highethan those in the brake shoes. Taken

I NJA dzY D NER dzLJE

023SHKSNE

adKS
reflected in the ambient Pl chemistry of subway air.
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Table 30.Concentrations in ppm of each elemerfior each lineadding the proportions of each type of
brake and pantograph (see Table 26).

BRAKES PANTOGRAPHS

ppm
C 354185 253300 364400 273016 273600 273600 273600| 451877 786600 420260 406542 701300 786600 786600
Al 21543 816 22962 647 10346 10346 10346 719 266 719 719
Ba 23530 17199 26465 15343 373 373 373 a4 85 33 34 136 85 85
Ca 43432 24216 41893 22850 55577 55577 55577 | 1233 1207 1260 882 1026 1207 1207
Cu 150 77766 142 99065 212 212 212 |104277 197104 92415 384727 197852 197104 197104
Fe 136149 333500 99830 355808 422672 422672 422672| 350 1353 327 592 529 1353 1353
K 1810 83 2039 32
Mg 36793 23377 40140 21517 10385 10385 10385 272 101 272 272
Na 3703 265 3936 289 1863 394 1064 1064
P 310 873 350 332
S 16633 26442 16283 23833 19393 19393 19393 | 2225 3178 2146 1826 2848 3178 3178
Ti 1557 36 1675 23 625 625 625 17 43 17 22 13 43 43
v 39 4 40 3 32 32 32 97 18 87 28 174 18 18
Cr 119 159 113 146 171 171 171 2 18 2 7 6 18 18
Mn 1442 2615 1203 2105 3326 3326 3326 5 16 4 7 6 16 16
Co 9 17 9 14 10 10 10 2 1 2 1 4 1 1
Ni 28 103 25 144 51 51 51 104 20 92 30 193 20 20
Zn 16762 67279 14713 84752 32922 32922 32922 | 14 122 11 47 33 122 122
As 7 29 6 25 16 16 16 3 1 1 3 3
Sr 879 306 981 295 67 67 67 4 5 3 3 5 5 5
zr 42 1 45 19 19 19 1 1 1 1 1 1
Mo 1132 65 943 46 2629 2629 2629 2 5 2 2 4 5 5
cd 1 1 1 3 3 3 3
Sn 49 10 39 22 130 130 130 2 3 2 2 3 3 3
Sb 26 3879 27 2681 15 15 15 2 30 1 11 6 30 30
La 8 1 9 3 3 3
Ce 16 1 17 6 6 6 0
Pb 11 453 10 2284 20 20 20 9 9 8 6 13 9 9
Bi 15 1 16 6 5 5 5

3.2.2.2. Antimony

Brake types B1 and B2 are both strongly enriched in Sb (B1 Sb 3879 ppm; B2 Sb 1947 ppm) and
are only used in the subway trains of L2 and L4, both of which show concentratighis of
elementin PMs that are much higher than those in the other ling&2 36ng-nt © L497 ng-nt °

(>x100 outdoor backgrounddther lines average @g-nty. There is no other comparably
enriched source ofhis elementin the subway environment, so that the extremelyenhanced

Sb levelsn L2 and L4anconfidentlybe attribued mostly or entirelyto brakewear. However L2
ambient Sb levels are lower than those in L4, despite the fact thabrfaReshave higher Sb
content(Table26). As with thecontrastingBalevelsin L3vsL1, we suggest that thig likely tobe

“csic
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due to the differences in route, with L4 crossing the city fisena level to thénigher groundof La
Trinitat, whereasL2runs from the medieval city to Badalona, maintaining gentle gradients as it
stays relatively close to the coastline.

3.2.2.3. Copper

The braks fitted to L2 and L4 trains are also highly enriched in Cu (L4 CuL2 ®a 7.8% with
negligible amounts of this element in other brake typesid aoce again this coincides with
corresponding enrichments in platform air (C41469 ng-nt © L2Cu228 ng-nt ° Table29, this

being up to 70 times outdoor background leyelBhe higher amount of Cu in L4 air could be
explained by not only higher % of this metal in the brake shoes, but also a steeper line gradient
between L4 and L2 as previous discuseeda and SbThese observatiorsuggest that Cu joins

Ba, Sr and Sb as a claskiake trace¢ element However this conclusion is complicated by the
fact that pantographs used on these lines also have extreme enrichments in Cu, especially in L4
(L4 Cu 38%;2 Cu 20%: Tabi6). Furthermore, he fact thattrains onL5 which has ambient Cu
PMs levels of 112 ngn® ¢ also uses pantographs with 20% Cu brakescontainingnegligible

Cu suggests that at least some of this mepaésenton platformsis indeedbeingsourced from

the pantograph The data on Tabl€9 do not indicate any other major Cu source other than
pantographs for the 112 ngp® °measured in L5 platforms. Ifsamilarmassof Cu in L2 platforms

also derives from the pantographs then ooan suggest that the remainirigd0 ngm® °or so is
beingsourced from brakedn summary, Cu in platform Bis most common in the line using

ON} 1S akK2Sa ¢gA0K GKS KAIKSal /tda D2éy (8B dzd S n O N

calculations suggest that around 10@ m®°of CuPMs may be being sourced from the
pantographs, and 16850 ngm® %f CuPMs from the brakes.

3.2.2.4 Magnesium

The main sources of Mg in the subway are bra@ie4%Mg)and ballast(1%Mg)(Table26). In
Barcelona L1 and L3 use brakes with the highest Mg com@nfL1 3.7%; L3 4% able26) and
stations in these linegorrespondingly have highest BMconcentrations of this elementf
around 10 times outdoor background.1 Mg 0.40> 3 ? °Y.3 Mg 0.57 3 t °\as opposed to Mg
<0.3> 3 P % all other stations). The higher concentratimegistered inL3 are consistent with
the fact that this lineuns overgranitic ballast containing 1%Mg (TaB®) as well as the fact that
the line operates on a steeper gradightis increasing brake use

3.2.2.5 ManganeseChromium Nickeland Cobalt

Levels of Mnin the subway are commonly more than 40 times those in the Barcelona outdoor
background.No obvious link between brake emissions and Mn contentdisgserniblein our
database this beinglikely becausethe highest concentrations of this element in thebseay
envirorment are to be found irirain wheels(0.7%Mn) and rails(1.1% Mn)Table26). Likewise
levels of Cr in some subway lines can exceed 30 times outdoor backgrounafeRils, and no
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obvious link between brake emissions and Cr contentlisiserniblein our database. Instead we
identify train wheels (0.D.2% Cr) as the main source of this metal in the subway environment
(Table26). Ni levels in the Barcelona metro are variable but commonly around 4 times higher
than outdoor background. LekMn and Cr they are not obviously related to brake emissions but
are more likely sourced mainly from steel train wheels. Finally Co concentratidPkb s are
typically 10-20 times outdoor background andjiven the lack of any obvious association with
brake compositions in our database, are atsost likely sourced frortrain wheels (Tabl&9).

3.2.2.6 Carbon

Carbon is ubiquitous in the subway system, typically ranking as the second most common
element present in P, although in some lines it can equal (L1 and L5) or even exceed (L9) Fe
abundance (Tabl29). The C concentrations measured on platforms ranges freiid 3 ¢ °Y°
although when data are mas®rmalised this rangehangesto 14-28. There are three subway
components likely to source most of thigrticulatecarbon(CPM) namely electric brushes (only
usedin L1 and L3: TabRk6), brakes and pantographs. All brake pads contain substantial amounts
of C, usually 229% with the exception of type 3 (39%) whichhas a dark carbonaceous
component containing 43%C (Table26). All pantographs contain abundant C, although
concentrations can be either 35% (type 1) or78Y% (types 2 and 3: Tah®®). These multiple
origins for CPM complicate any attempt to source apportion this elemanthe subway
environment. However, some useful information can be gleaned from the database. Firstly, the
two metro lines employing carbon brushes and highorakes (L1 ant3) both have higher
ambient levels of C (147 > 3 ? Jyalthough the ratio of emissions from these two components
remains unknown. Similarly high C levels occur in L2, which employs high C pantographs,
although here the station design (tunnel serving josé platform) is a confounding factor so that
when the data are massormalised the @nrichment at Tetuan decreases relative to other lines.
Normalised dataalso reveal L4 (Joanic) to have the lowest C content relative tgs Aidss,
coinciding with thefact that this line uses both brakes and pantographs with a lower C content
(and no brushes)siven the evidence from the trace element data discussed abome tcan be

little doubt that brake dustontributes much C tsubway air Scaling up Mg concentians to
calculate how much C would be present if the Mg/C ratio remained constant between brake and
PMs predicts C concentrations of-@ > 3 t °%ourcing from brakes alone (with the highest
contribution in L3: 8 > 3t JY However there are too many variables anab clear pattern
emerges to helpresolve the additional contribution to subway airof C particles from
pantographsand brushes not least because C concentrations in Barcelona city centre are
typically in the range - > 3 * ™Evidence for the infiltration of outdoor air into the subway has
been noted at several places in this report, adding another contributory source of CPM aerosol
YAONRINI Ya AYy FRRAGAZ2Y G2 GKS AyaSNyrtte 3ISySt
brakes, pantographs and brushes.
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3.2.2.71ron

LNRY A& GKS Oflaaird dadomsgl e YSGrféxr LINBaSyil
concentrations normally lying within the range-36 > 3 * °FePMs (1552 > 3 P °¥eOs), this
changing to 284 when massiormalised. This metal is present in every subway componertt, b

is by farmost abundant in the steel of wheels and rails-@BoFe, 0.7%Mn; 0.1%Cr, 0.1%Cu).

In brakesFeis present in concentrations 83-42% (brake types 1, 2 and 4) or 19% (type 3), and

all other potential sources are much less ferruginous: ballast (3%), carbon brushes (0.3%), and
pantographs (up to 0.14%) (Taldé). In the train wheel anlgsis on @able 26 Mn/Fe = 0.007and

Cr/Fe = 0.012, whereas equivalent figures for all metro lines &e/Fe = 0.009.011 and Cr/Fe

= 0.00160.0015. The similarity in e of both wheels and ambient BMiis particularly striking
especially given that rails contain much less Cr (Gt/BeD002 andbrakes arealsoCrdepleted.
Chromium is much less common in any other subway component (P&plesuggesting that

most of the Cr, and therefore also Fe, present in platform BMsourced from train wheels. The

fact thatthe Mn/Fe ratio is somewhat higher in subway air than in steel wheels is attributed to
contributions from otherrelatively Mnricher sources such as ballast (Mn/E&.02), Mnrricher
components such as type 3 brakes (Mn/F@.64),or (most likely)infiltration of outdoor city air

(Mn/Fe = 0.02: Moreno et al 2015).

The second most ferruginous component tile subway is train brake pad3he most
ferruginous lines are L2 and L4 (33> 3 t ®ePM; on the platform), and both these lines use
brakes containing 337%Fe, unlike L3 (25 3 t ®ePM.s) which uses brakes with only 19% Fe.
However therds no consistent patternfor example L5 uses the most-fieh brakes (42%e) but
our PMsdata from Sagrera and Sant lldefons are not only lesscRehan L2 (Tetuanand L4
(Joanic)out also differ between themselves (Tat#26). Furthermore, when the data are mass
normalised the differences in F®ntent between stations become much less. A lack of a clear
signal linking brake emissions to FeRld consistent with tk previously published observation
that around 50% of brake emissions are <t®in size, and that these are mostly in th&62m
range, so that most inhalablEePM will be found in particulate fractions coarser than R2M
(lijima et al, 2007). Given theFe/Cr values given aboveur data are consistent with the
interpretation that FePM from brakes are mostly coarser than those from whselshat the
latter consequenty form the majority ofsubwayFePMs. Thusthe considerable differences in
measured subway FeBRWM between stations may relate more to how much tunnel air
contaminated with FePM is entering the platform rather than any other factor, and therefore
mitigation becomesmainly a question of station deggm and ventilation.The most obvious
example of this is provided by the $€ollblanc station which is brand new and equipped with
platform screen doors and powerful modern ventilation systems. On this station platform
FePM:levels are only.1> 3 P Which is ten times less than measured on Tetuan station which
has a similar design but is old and lacks PSD. It is cleantlsaime stationst is theoretically
possible tareduce ambientevels ofplatform FePM 3 t By several tens of micrograms.
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3.3. Activities affecting PMs chemical composition in subway platforms

The sources responsible for PM concentrations in the subway air can be differentiated into those
generated within the undergroundystemand those infiltrated from outside. With regard to

iK2aS LINPRdJzZOSR Ay GKS &adzoe¢les GKSasS OFy 0S5 FdaN
o0l O1IANRdzyRé¢ LI NIGAOEftSa NBfSIFaSR o6& RI@BGAYS GNXAYyY
commuter activity, and those that punctuate normal ambient levels aslt of fugitive

emissions from special activities such as night maintenance work. In this section we use the data
collected during the various sampling campaigns described above to investigate how different

aerosol sources may be identified by examinithge detailed chemistry of the inhalable

particulate material present in subway air.

3.3.1. Sagrera

As previously stated the major track renewal works in Sagrera took place over a seven week
period and involved a full programme of rail and ballast replacenrebbth directions of Line 5.

Our sampling campaign therefore allowed us to test whether such major work at night in the
tunnel affected air chemistry on the platform during operational hours the following day. It also
provided the opportunity to produce database detailed enough to help reveal different specific
sources of air pollutants found underground.

The chemical composition of BMfilter samples collected at Sagrera station before and
during the tunnel works air sampling experiment is showitatle 31, with averages calculated
for each weekday period (Weeks7)l The species and elements analysed were associated into
different groups including Fe oxide, crustal (sum of Al, SK,TlP and C oxides), carbonaceous
aerosols (CA=1.4 x Total Carbon), Secondary Inorganic Compoundsulpt@ter nitrate+
ammonium), marine sea salt (Na+Cl) and trace elements.

The average chemical composition of these groups for each of the differeskday periods
is shown in Figur&4. The main chemical components throughout the study were consistently
ferruginous (5 to 21 g ni°) and carbonaceouaerosols(15 to 22 g n3) both before works and
Week 4 with crustal (mineral) dust and secondary iganic compounds being of secondary
importance in terms of mass.
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Table31. Average oncentrations (and standard deviation) of majopg n®) and trace (ng nf) components of PMls at Sagrerastation for the period before works and
the different renewal works activities (operational hours only: 63-24:00).

Major components n PMs Az FeOs i ws-SO%  ws-NOs  ws-Ch ws-NH*
std 10 0.2 5.0 0.01 0.1 <01 31 04 0.8 0.2 0.5
Week 1 avg 5 54 0.8 20 0.05 0.4 0.1 14 1.2 13 0.4 0.8
std 6 0.1 3.2 001 <01 <01 16 0.7 1.0 0.2 0.7
Week 2 avg 5 41 0.6 17 0.03 0.2 0.1 11 0.3 0.8 0.6 0.2
std 7 0.1 3.0 0.01 0.1 <01 2.2 0.2 0.5 0.2 0.1
Week 3 avg 5 39 0.5 15 0.02 0.2 0.1 11 0.6 0.6 0.5 0.2
std 7 0.1 3.3 001 <01 <01 14 0.2 0.4 0.1 0.1
Week 4 avg 5 64 0.8 21 0.05 0.4 0.1 16 2.8 3.2 0.2 14
std 10 0.2 3.3 0.01 0.1 <01 35 0.9 0.7 0.2 0.4
Week 5 avg 5 40 0.6 16 0.03 0.2 0.1 8 15 0.9 0.3 0.7
std 3 0.1 14 <001 <01 <01 14 1.2 0.5 0.3 0.3
Week 6 avg 5 48 0.7 20 0.04 0.3 0.1 10 1.0 0.7 0.4 0.4
std 5 0.2 31 001 <01 <01 16 0.8 0.3 0.3 0.2
Week 7 avg 2 48 0.9 15 0.05 0.3 0.1 11 1.2 12 0.5 0.4
std 3 0.3 0.1 001 <01 <01 0.7 0.6 0.7 0.2 0.1

CsIC [~ 76




IMPROVE LIFE

Implementing Methodologies and Practices to Reduce
air pollution Of the subway enVironmEnt

Beforeworks avg 03 19 08 7 11 02 04 37 16 10 03 96 47 05 12 03 26 05 01 02 11 9 112 105 99
period std 01 10 03 24 04 01 01 10 13 42 01 35 16 01 03 01 101 02 <01 <01 4 34 33 71 28
Week 1 awg 05 24 13 9 13 03 07 53 17 16 04 127 82 07 15 05 38 06 02 02 15 127 168 115 108
std 01 09 02 11 01 02 01 07 O05 17 01 16 22 01 02 01 53 03 <01 <01 2 19 21 12 18
Week 2 ag 05 18 11 8 09 01 05 46 17 15 03 95 56 06 13 05 30 04 01 02 13 110 130 111 105
std 01 08 02 14 02 01 01 12 03 06 01 =29 05 01 02 01 244 01 <01 <01 2 22 20 46 33
Week 3 awg 04 21 09 8 08 <01 04 38 15 9 02 110 53 06 12 04 26 03 01 02 16 95 130 83 96
std 01 02 01 18 01 01 01 11 06 38 <01 =27 10 01 01 01 56 01 <01 <01 11 22 11 14 35
Week 4 avg 07 49 13 11 14 06 08 72 17 14 04 146 62 08 16 06 35 05 01 02 17 143 174 151 161
sd 01 16 03 18 02 02 02 27 10 50 01 43 12 01 02 01 96 03 <0l 01 3 21 27 38 43
Week 5 awg 06 13 09 9 11 03 05 46 17 15 02 94 48 05 12 04 22 02 01 01 13 113 150 125 107
sd 01 04 01 15 <01 01 01 05 06 50 01 30 08 01 01 <01 26 01 <0l <01 1 9 13 49 25
Week 6 awg 07 20 14 13 12 03 06 55 17 15 03 117 53 06 14 04 24 02 01 <01 17 149 167 107 118
sd 02 08 03 34 01 01 01 12 03 11 01 32 10 01 02 01 50 01 <01 <01 3 31 =21 14 33
Week 7 awg 14 37 16 10 10 03 05 62 17 14 02 68 52 06 13 04 15 02 01 01 12 101 132 105 79
sd 07 14 05 12 01 <01 01 09 01 =28 <01 03 03 01 01 <01 07 <01 <01 <01 <01 2 6 3 21
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Figure54. Average chemical composition in pg-f{major components grouped according to similar
origin/properties) for background (before works) and during the different weekday perio€&f Wwvhen
renewal works were carried out at Sagrera station. CA: Carbonaceous aerosols. SIC: Secondary
Inorganic Compouds.

Compared to the ambient conditions before the rail works programme began, the most
notable increases in aerosol concentrations were observed in the crustal and secondary
inorganic component. In the case of the crustal component, which is basically a mexdsur
mineratderived dust, this increased above background levels throughout the seven weeks of
the tunnel works programme and especially at the end of the works period. We attribute this
as most likely due to the release and resuspension of rock mineisl derived from the
considerable amount of track ballast removed and added during the works. This is especially
noticeable in, for example, Week 7 which is consistent with the several extreme transient
peaks in coarser PM (22 micron sized) revealedeyiously by Figure$and5. In the case of
the secondary inorganic compounds, the most dramatic increase in sulphate and nitrate
coincided with the outdoor SIC pollution event occurring during Week 4 (Bahldhis can be
linked to the arrival that weelkof a fartravelled sulphatic pollution cloud drifting into
northeast Spain from central and eastern Europe, as recorded on Fijur& similar, but
much more dilute, transboundary European pollutienent was also responsible for the
increased SIC levdls Week 1. It can be concluded from these observations that the chemical
data further support the conclusion that the quality of city air above ground has a strong
influence on air chemistry on the platform of Sagrera metro station.
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Figure55. NRL maps showing the optical thickness and sulphate concentration ([ a surface for
13-14 march 2015 at 12 UTC. ©Naval Research Laboratory (NRL), Monterey, CA.

Figure56 shows the ratio between the concentrations of individual major species aié tra
elements during the various weekday work periods as compared to ambient concentrations
measured prior to the start of works. The ratios exceeding unity indicate how the
concentrations of most of the trace elements increased during the renewal worksideoing
the seven weeks individually when activities were carried out in Sagrera, all weeks showed
Fo2@S | @dSNIF IS tS@Sta 2F aONMzaGrté YIFI22N FyR Y
consistent with an extra loading of rock ballastated dust (seethe ballast chemical
composition onTable B). The trace element signature of this crustal dust is similarly
recognisable by abovaverage levels of Li, Rb, Sr, La, Ce, and increases in several trace metals
(Ni, Sb, W, Cr, Mn, Cu) may also be linkedagtlan part to the presence of additional ballast
dust. Week 4 showed a very different chemical signature, registering peak values for Mg, SO
NG;, NH, TC, V, Se, Rb, Sr, Sn, La, Ce, W, Cu, As, Sb, Zn and Ba, and combining Weeks 1 and 4
produces an every 2 NB NB @GSt Ay3a aArAayl ddz2NBE 2F (GKS A1 St
pollution event infiltrating the Metro system. The combination of atmospheric sulphates and
nitrates with toxic trace metallic elements such as As, Cd, Sb and Pb, along with a normal
GONHza G f € NINB SINILIK &A 3y |-hudiNgSsoudcg. InkconBast théén p v | £
strongly crustal mineral dust signature of Week 7 shows highest levels of Al and Ti but very low
levels of the metallic tracers more typical of SIC intrusions @%k Sb, Pb). Finally, any
influence of the night tunnel works such as welding on the trace metal chemistry of ambient
PM:s during the train operating hours of the following day was minimal, although some
changes can be detected. There is, for exampteindication of increased levels of ambient
atmospheric Mn, Ni, Cu and Cr (especially when the data are normalised to PM mass) during
0KS aFAYIlIt 4T8deRpy3ade 2SSy ¢ 0

In conclusion, chemical analysis of RMollected on daytime (080-24:00 h) filters during
the Sagrera tunnel night works programme demonstrated that: i) The two prominent pollution
events registered underground in Weeks 1 and 4 were sourced from the infiltration of outside
city air contaminated by a sulphatic and metalliferopkime of SIC drifted over from
eastern/central Europe (probably from coal burning); ii) The increase on ambient PM mass
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attributed to night tunnel works was especially rich in elements typical of silicate mineral dust,
AdzLILR2 NI AY3I GKS MNEDB2HYSRE2|28ROE 8F2NRRAGAZ2YI
from the removal and laying of granitic ballast during the night maintenance; iii) There is some
indication of increased levels of ambient atmospheric Mn, Ni, Cu and Cr on the platform during
GKEAYIE ¢gSEtRAY3IE adl3S 2F GKS g2N] o
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Figure56. Ratios betweenthe concentrations of individual major species and trace elements during
different renewal works and the concentrations during the background situation (no renewal works
carried out the nightbefore) at Sagrera station.
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3.3.2. Santa Coloma

Samples were collected at Santa Coloma dailyo®34:00 h) for chemical analysis fron®'1

October until 2¢ November, providing a database of 33 analysed filters. During this period

there was only one NAF event (arountl Bctober, before works started) and no officially

registered SIC events, which makes the database potentially especially useful for idgntifyi

locallyd 2 dZNDSR aildzyy St 62NJ a¢ S@Syidaod /| NEFdAZ SEIF Y
reveal the transient presence of enhanced lev@lsulphatic PM on the platform during 11

12" and (to a lesser extent) ¥8ctober, with levels of S@nd NH approaching 1Qugm=and

exceeding ug m3respectively. The SIC event on1A" October produced peak values not

only of SIC but also the trace elements V, Se, Mo, Th, and U, resulting in a highly distinctive
chemical signature.

The chemical compdgin of PMs sampled on Santa Coloma platform over the seven
days after night work is shown in Tal32, with the main type of maintenance work recorded
(old rail removal, track ballast preparation, new rail installation, welding and final finishing
including ballast tamping). Note that the SIC and Na+Cl concentrations are not available.

The average mass concentrations of the main chemical compositional groupings present
in platform air after night works at Sagrera and Santa Coloma is shown in Bigiiée see
from this comparison that once again in Santa Coloma the two dominant chemical
components before and during the night works were iron oxide (both 13 iy amd
carbonaceous aerosols (both 16 pg)miron oxide increased at the beginning of the ksr
campaign although did not continue rising during the rest of the period. The most obvious
consistent change in chemical composition was again an increase in crustal dust. Indeed, apart
from the lack of obvious SIC episodes at Santa Coloma, the twoselsare broadly similar
both in terms of PM mass and in the increase of crustal dust present in platform air after the
night works.

The chemical database for Santa Coloma reveals several subtle anomalies that may be
linked to the night works. The first tfiese occurred at the beginning of the work programme
when materials were being transported and the rails being replaced around tht614
October. Massiormalised data for this period reveals enrichments in Al, Ca, K, Ti, P, Li, Rb, La,
Ce, and Th whicls consistent with an enhanced source of crustal mineral dust released from
working with ballast. The-8ay period 1516" October specifically involving rail replacement
also saw Cr, Mn, Cu, Zn, Ba levels rise 4716133150, 8591, 119141, and 52%31 g m?3
respectively, all of which are above average and may be related to metalwork emissions.
During the next week, when the night work resumed, the five days fror83F9October alll
coincided with another increase in elemental tracers for silicate mineral dust such as Al, Ti and
Li (again best seen in the massrmalised data). The enhancement in these three tracers is
well displayed on Figurg8, which plots the ratio beveen the concentrations of chemical
components before and during the different renewal worksK A & G ONXzA G f ¢ OKSYAO
coinciding with the works period can be recognised continuing across the following weekend
and through much of the following ved, suggesting a lagffect with resuspended ballast dust
still influencing ambient platform PM chemistry for a few days after work had been completed.
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Table32. Average oncentrations (and standard deviation) of majop¢ n®) and trace (ng n¥) elements of PN at Santa Coloma station for the no works period and
the different renewal works activities <dI: below detection limit.

n PMz.s AlLO3 FeOs Ti KO P.0s TC SQ*

No works period avg 9 41 0.3 12.9 0.02 0.20 0.03 11.4 2.5
std 6.4 <0.1 3.6 <0.1 0.1 <0.1 3.1 0.8

15/10/15 Railtrack preparation avg 57 0.6 20.4 0.04 0.26 0.06 12.2 2.1
16/10/15 New rail installation avg 64 0.6 22.5 0.05 0.27 0.06 13.8 1.9
20/10/15 Railtrack preparation avg 42 0.5 125 0.02 0.23 0.03 11.9 1.5
21/10/15 Welding avg 47 0.6 17.2 0.03 0.25 0.05 10.6 2.1
22/10/15 Welding avg 50 1.0 15.0 0.04 0.36 0.05 11.9 2.1
23/10/15 New railtrack finishing avg 49 0.6 16.1 0.03 0.29 0.05 12.5 1.9
26/10/15 New railtrack finishing avg 37 0.7 20.4 0.03 0.27 0.03 11.6 1.9

86 53 88 339

std 01 24 02 14 02 01 01 4 09 4 01 11 05 01 01 01 03 <01 3 28 17 27 104
15/10 Railtrack preparaton 05 37 09 79 13 02 08 16 14 7 01 60 39 04 08 03 02 01 16 133 85 119 525
16/10 New rail installation 06 50 16 84 17 02 12 16 <dl <dl 02 64 26 05 1.0 03 17 03 01 17 150 91 141 531

avg 9 02 42 06 55 10 04 04 11 05 6 02 41 18 03 06 02 8 03 01

©

Before works

w

©

20/10 Railtrack preparation 03 11 05 46 09 04 04 10 39 8 01 42 23 03 06 0.2 02 <01 10 90 54 89 333
21/10 Welding 04 29 07 66 11 <01 06 13 32 7 01 54 27 03 07 03 01 0.1 13 121 71 121 447
22/10 Welding 05 35 07 59 10 04 07 13 73 6 01 64 23 05 10 02 02 01 12 109 70 105 423

23/10 New railtrack finishing 04 51 07 74 10 06 05 13 32 6 01 81 22 04 08 0.2
26/10 New railtrack finishing 04 20 04 37 09 03 04 7 58 <d 02 34 18 03 08 0.2

04 <0.1 13 116 67 109 423
24 <01 9 64 40 80 225

NjoOo | N[O,
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Figure 57. Average chemical composition for the period without works and during the different
renewal works carried out atSagrera (a) and Santa Coloma (b) stations. Note that SIC and ClI
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Figure58. Ratio between concentrations of major species and trace elements during renewal works
and concentrations during the base situation (no works carried oat) Santa ColomaRatios above
the unity indicate an increase in concentrations that can be attributemithe renewal works. Note the
obvious increase in crustal mineral dustlated elements (especially Al, Ti and Li) and the relative lack
of SIC as recorded by the ammonium sulphate levels.
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3.3.3. Joanic

The chemical composition of BMsampled on Joanic platfor over the twelve days after
night work is shown in Tabl&3, with the main type of maintenance work recorded (catenary,
track, new rail, welding). Note that the SIC and Na+Cl concentrations are not available. The
effect of night tunnel works on major eleant chemistry is not apparent from these data,
although there is some indication that increased concentrations of the trace metals Ni, Cr and
Mn coincided with nights when catenamgaintenancewas initiated (4 and 11" November).

As discussed previoustiyere were no outdooisulphate(SIC) or desert dust (NAF) intrusions
officially reported for the city during any of these days. However, Figdaoes reveal a clear
connection between subway and outdoor air, as measured by good correlations between
conentrations of ammonium and sulphate on Joanic platform and at the Barcelona outside
background station. Such correlations are not demonstrated by, for example, trace metals
such as Ni, which are more likely in this case to originate from tunnel worksg B&u

The main chemical groupings of PManalysed at Joanic for the different night work
activities is compared on Figu6® with those from the Santa Coloma study. This comparison
reveals that it is the ferruginous component that is primarily responsible for the very high
ambient levels at Joanic, comprising@Dug m?® of the ambient mass present in the air both
before and diring the works programme. Another clear difference between the data from the
two stations is that there is much less crustal dust recorded at Joanic, which is consistent with
the relative lack of coarse PM noted earlier.

S qz. * 5 J N H4+

y =1,3179x0,8013
R2=0,7919 =6,08% 0,644

R2?=0,9352

o y=-0,0181x+4,6427
. R2=0,0315

0 : : : : .0 1% S : : : : .0 : : : : : ‘
05 1,0 15 2,0 25 30 00 02 04 06 08 10 12 O 20 40 60 80 100 120

Figure59. Correlation for sybhate, ammonium and Ni between outdoor and indoor concentrations
during the Joanic campaign.
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Table33. Concentrations of major components of PMat Joanic station for the no works period and the different renewal works activities

Background 20/11 71 0.9 40 0.04 0.4 0.05 11.9 1.7 0.2

4/11 Catenary 66.1 0.2 37 0.02 0.2 0.04 9.93 1.3 0.1

5/11 Catenary 64.2 0.3 34 0.02 0.3 0.04 12.11 1.7 0.2

6/11 Track preparation 78.3 0.3 31 0.02 0.2 0.05 14.36 2.2 0.3

11/11 Catenary 81.0 1.3 43 0.04 0.5 0.10 18.30 2.2 0.3

12/11 Catenary 69.5 0.1 35 0.02 0.1 0.04 12.17 1.9 0.3

13/11 Track preparation 76.9 0.2 45 0.01 0.1 0.04 11.19 2.8 0.4

23/11 Track preparation 94.6 1.4 63 0.04 0.4 0.06 11.20 1.0 0.04

26/11 Track preparation 73.2 0.4 41 0.02 0.2 0.03 12.28 0.9 0.1

27/11 Track preparation 64.5 0.4 34 0.02 0.2 0.04 13.68 1.0 0.1

9/12 New rail installation 71.3 0.5 36 0.02 0.3 0.05 13.13 3.2 0.6

10/12 Welding 73.6 0.6 40 0.04 0.3 0.05 11.77 2.6 0.4

14/12 Welding 94.3 0.5 50 0.03 0.3 0.06 18.73 2.2 0.4
Background 04 35 16 16.1 23 01 08 53 01 7.6 72.4 06 13 03 04 167 03 02 01 38 243 303 213 132
4/11 1.0 26 20 1782 40 03 06 35 01 119 722 04 09 01 02 13 03 <01 <01 79 991 266 214 131
5/11 04 6.0 16 67.7 33 04 04 31 0.2 8.5 52.7 04 09 01 03 12 03 <01 <01 48 459 227 192 97
6/11 03 83 16 33.2 43 08 04 30 03 146 33.9 04 09 01 03 22 04 <01 <01 32 332 246 185 132
11/11 12 52 19 1058 36 09 08 52 02 149 80.8 05 11 01 0.5 16 03 01 01 74 834 295 219 127
12/11 03 45 1.6 57.5 27 05 04 30 01 8.0 59.5 03 07 01 04 12 0.2 <01 <01 47 433 266 169 103
13/11 02 47 1.8 24.1 27 04 04 40 01 8.7 51.7 04 09 01 0.2 13 03 <01 <01 45 285 334 212 133
23/11 06 22 24 25.2 33 01 07 68 01 109 96.4 05 10 02 07 16 02 01 01 60 38 339 292 179
26/11 03 17 16 169 23 <1 04 48 01 75 1013 05 12 01 06 12 02 02 01 36 246 316 212 153
27/11 03 20 14 15.5 21 01 05 47 0.2 8.0 84.5 06 13 01 04 14 04 0.1 0.1 34 210 286 221 140
9/12 04 37 13 13.9 19 02 06 44 02 7.3 69.0 05 10 01 03 17 02 0.1 01 32 217 313 254 142
10/12 05 37 17 28.5 22 03 06 51 02 8.1 75.8 05 11 01 05 15 03 01 01 79 251 324 245 161
14/12 05 37 1.9 19.0 26 02 07 53 03 9.6 70.7 06 14 01 0.7 22 05 01 01 45 307 329 296 155
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Figure 60. Average main chemical groupings for the period before works and during the different
renewal works carried out at Santa Coloma (top) compared to Jogbmttom). Note that Secondary
Inorganic Compounds (SIC) and Cl concentrations are not available, which is reflected in the high not
determined fraction. CA = Carbonaceous aerosols. Note the high levels of ferruginous component
present at Joanic and the gerally relatively low levels of crustal dust present during the works at
Joanic.

Figure61 plots the ratio between the concentrations of chemical components during the
different renewal works normalised to the nawmorks day (2% November). In contrast to
similar plots for Sagrera anflanta ColomédFigures 5 and 58), Figure60 shows no strong
signal of crustal dust, but instead there are notable enrichments in ammonium ions.
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Figure61. Ratio between concentrations of major spexs and trace elements during renewal works
and without works being carried out at Joanic station. Ratios above 1 indicate an increase in
concentrations that can be attributed to the renewal works. Ni ratio after catenary replacement is 4.7.

3.3.4. Palau Reial ad Maria Cristina

The chemical compaosition of BMsampled during operational hours (@8-24:00 h) at Palau
Reial (PR: 44 days) and Maria Cristina (MC: 27 days) stations is shown iB4T&erage
daytime levels of Phs were around 84ug n1® at Palau Reial before the ballast work began,
increasing by over 20®uring the works period. In contrast BMevels at Maria Cristina were
lower, averaging 61 pg frbefore works started but rising by less than 10% on the days after
night ballast additin work, the latter effect likely reflecting the greater distance between
monitoring station and night work location.

The chemical data reveal that ambient Pt both stations were dominated by #e;
(averages of 44 and 3& nm*for PR and MC respeeily), followed by carbonaceous aerosols
(CA: 22 and 18 ugh crustal material (8 and 6 pg¥nand secondary inorganic compounds
(SIC: 3.5 and 2.7 ug3n The most abundant metals measured were Ba (1839 and 1151*ng m

for PR and MC respectively), 296 and 212 ng i), Mn (272 and 208 ng B and Cu (172
and 110 ng m) (Table34 and Figure B).
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Table34. Concentrations of major componentgdp) and trace elements (bttom) of PMbs at Palau Reiahnd Maria Cristina stations for the days when no ballast was
processed (no works) and the days when ballast was processed (works)

Palau Reial PMz.s AlOs FeOs i TC ws-S0O42 ws-NO3 ws-CFH ws-NHs*
No works avg 38 84 1.1 43.6 0.1 0.3 0.1 15.6 2.3 0.7 0.3 0.4
std 25 0.6 13.6 <0.1 0.1 <0.1 4.7 1.2 0.3 0.4 0.3
Addition of ballast avg 5 104 1.8 58.3 0.1 0.4 0.1 19.6 3.0 0.7 0.1 0.6
std 18 0.7 5.9 <0.1 0.2 <0.1 1.9 1.5 0.3 0.2 0.4
No works avg 23 61 0.7 31.6 0.1 0.2 0.1 12.5 1.9 0.4 0.3 0.4
std 16 0.2 9.5 <0.1 <0.1 <0.1 3.6 1.0 0.2 0.1 0.2
Addition of ballast avg 3 66 0.9 34.8 0.1 0.2 0.1 12.5 2.4 0.5 0.3 0.4
std 21 0.3 15.1 <0.1 0.1 <0.1 2.8 1.1 0.1 0.1 0.1
Fault of a material avg 1 86 1.4 48.7 0.1 0.3 0.1 15.4 2.0 0.6 0.2 0.2
transport vehicle std NA NA NA NA NA NA NA NA NA NA NA

No works avg 09 51 24 23 20 04 09 48 02 11 29 05 10 04 08 91 02 02 01 39 272 172 29 1839

std 03 25 10 6 06 02 04 15 0.1 4 10 02 03 01 08 35 01 01 <01 12 86 55 92 607

Addition avg 1.2 67 27 29 23 05 13 59 02 12 32 05 11 05 11 113 03 02 01 48 367 229 361 2399
of ballast std 0.3 42 0.3 5 0.4 0.3 0.7 8 <0.1 2 04 02 04 02 03 44 0.2 01 <01 4 44 28 26 315
No works avg 05 34 14 14 13 04 06 30 01 25 03 06 02 04 70 03 01 01 24 208 110 212 1151
std 0.1 1.8 04 4 0.3 01 01 11 o012 08 01 01 01 01 1.6 0.2 <0.1 <0.1 8 62 32 57 441

Addition  avg 06 33 15 15 14 05 08 32 0.1 24 04 07 03 04 71 02 02 01 27 226 118 223 1278
of ballast  std 0.2 0.8 0.6 6 05 <01 02 14 01 05 01 02 01 02 13 <01 <01 <01 12 93 47 72 543
Fault avg 09 26 20 19 18 03 12 46 01 10 27 04 09 04 06 79 02 02 01 37 310 169 272 1775
vehicle std 05 34 14 14 13 04 06 30 0.1 8 25 03 06 02 04 70 03 01 01 24 208 110 212 1151
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Figure62. Average chemical composition in pg-f{major components grouped according to similar
origin/properties) for the periods without works and during the ballast operations at Palau Reial and
Maria Cristina stations.

Figure 63 shows the ratio between the concentrations of major species and trace
elements present on the platform after nights with and without ballast application. The ratios
exceeding unity indicate how the concentrations of most of the components and trace
elemerts increased during the ballast application. The chemical signature of additional crustal
mineral dust is much more obvious in the Palau Reial data, as demonstrated for example by
the high values of Al, Ti and Rb.
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Figure63. Ratio between concentration®f major species and trace elements during ballast addition
and concentrations during the normal conditions (no night works begicarried out) for Palau Reial
and Maria Cristina.
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During the sampling period at Palau Reial there were three North Africanicliusion
events reported for Barcelona, involving a total period of 14 dayis7(04; 2326/04; 5/05). In
addition the two days of 12and 13" April were reported to involve the arrival of biomass
burning plumes. There were also a total of arounddays when above average concentrations
of secondary inorganic compounds can be seen in our database, these minor SIC events being
recognisable in the maswormalised database by increases in some or all of sulphate, nitrate,
chloride and ammonium ions, canonly accompanied by higher levels of associated trace
elements such as V, Cd, Se, Ni and/or Pb. Other notable SIC arrivals occurrét Aprill 8
immediately after the first NAF (5.2 ug¥8Q), during the second NAF event (peaking ofi 26
April with 93 pg m® SQ), and on the T and 3% of May (7.8 & 6.3 pug SO04). During the
campaign at Maria Cristina NAF conditions were recorded only for the first two day&{14
May), and biomass burning events for"28lay and 8 June, but all of these were minor and
had no obvious influence on subway PM. In contrast the data reveal around 10 days with an
SIC chemical signature at Maria Cristina, similar to the Palau Reial data, again indicating
infiltration of outdoor air on to he subway platform.

Closer analysis of the masermalised chemical data from Palau Reial reveals how many
St SySyia RSY2yaidN}XaGgS Ot SIN LINBFSNByOSa F2NJ O
is defined by Al, Ca, K, Na, Mg, Ti, P, Rb, Nd, Wq &, dzf LK &S 3 NBNHEJX,Cd y Of dzR
ad FYyR {0X | ayAlNNaAs, S8 NCH @ldad Zi. A Oétalifer®us chierhical
group including Fe, Mn, Ba, Ni and Total Carbon shows little variation (<10%) and is likely to
represent a backgroundt 3 dzo ¢ @ ¢ O2YLR Yy Syl dzyI FFSOGSR o6& Ay
ortfrad 62Nl ® ¢KS alNAF /NRaGAyl RIGlIoFasS &aK?
presence of the infiltrating sulphate group and the metalliferous subway component is very
obvious.

N.

S
Sa

The chemical data also indicate that at Palau Reial ambient levels of mineral dust were
higher during and after the ballast addition night works. Thus concentrations of Al rose from
an average of 0.45 pg fnbefore the works to 0.89 ug ¥hduring the work progamme,
reached a peak of 1.57 pgdon the final night of ballast addition, and stayed at an average of
around Lpgmi2 @SN GKS adzwaSljdsSSyid ¢SS{® ¢KS alryS LI G
elements such a$i (32, 44, 48 ngr®), Rb (0.72, 1.19, 1.4igm=), and Nd (0.3, 0.44, 0.50 ng
m3). Another subtle but interesting observation is that the La/Ce ratio in ambient.sPM
decreases from an average of 0.53 before ballast works began te00448during and after
works, comparable to the Le/Ce valuz the granitic ballast (0.47, see Tal2l§). Any La and
Ce sourced from subway components such as brakes (which can contain as muchpas 20
Ce) is likely to display a La/Ce of 0.5 or greater (TaBje Mot only does the chemical
composition become morét ONHzaA G £ ¢ RdzNAyYy3a |yR FFGSNI GKS 42N
specific compaosition of the ballast being laid, strongly implicating rock dust as an additional
contaminant present on the platform during operational hours.
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3.3.,5. Poble Sec

The chemicakomposition of PMs samples collected at Poble Sec during this monitoring
campaign are presented in Tal8B, with an average for the whole campaign being compared
to those days when ballast addition and track tamping with and without dust suppressant.
Eaquipment failure at the beginning of the campaign meant that we were unable to obtain
filters before the first night work week began (so for PM mass levels befdteSgptember

see Figur@5in section3.1.4). Another problem was the arrival in Barcelorfaad\North African
desert dust event on 4" October, this interfering with the monitoring campaign measuring
the two last days using ballast coated with dust suppressant.

The most abundant trace metals are Ba (1167 nj), @n (240 ng rf), Mn (184 ng ni)
and Cu (108 ng 1), these being sourced primarily from brakes and rails (T&he
QEFYAYLGARZY 2F | ylteéasSa FTNBY AYRAGAcRedmstty RI & & NJ
on platforms during days after ballast work took place. Massnalised alues show Al, Li and
Rb to all have their top three maxima during days immediately after ballast tamping. In
contrast, SQ As, Se, and Total Carbon all show their top three maxima on SIC days when no
ballast work was taking place

Figure64 compares the main chemical components for the Bilter samples collected
on the platform of Poble Sec. All samples show the usual subway chemical signature
dominated by ferruginous material (386 pug n°), followed by carbonaceous aerosols (CA: 21
22 ug nd), crustal material (43 pg m®) and sulphate (3 pg ®). These results are closely
comparable from those obtained from Maria Cristina station (see previous section). In addition
however is the observation that railtrack tamping appears to resuhdreased levels of both
ferruginous (by 20%) and crustal dust (by 55%) on the platform during the following day. This
increase was most marked after the day when tamping ballast coated with polymer dust
suppressant had taken place, and may suggest thatendust dislodged from the track had
remained on the platform area, having travelled less far from the worksite than would more
normally be the case. However, given the coincidence in part with a NAF episode, we remain
cautious about oventerpreting this observation and recommend further work.
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Table 35. Concentrations of major components of PM at Poble Sec station for the days when no ballast was processed (no works) and the days when ballast was
processed (works)

n PMzs AlOs FeOs Ti® K20 P20s SQ? TC
Whole campaign avg 22 77 1.2 30.5 0.1 0.4 0.1 3.2 15
std 16 0.4 8.3 <0.1 0.1 <0.1 0.9 2.8
Addition of ballast avg 2 72 1.0 27 0.1 0.3 0.1 2.8 14
std 3 0.1 3 0.0 <0.1 <0.1 0.1 0.2
Track tamping avg 2 75 1.6 29 0.1 0.5 0.1 2.8 14
std 5 0.5 0.1 <0.1 0.1 <0.1 0.7 1
Addition of ballast with avg 2 87 1.3 38 0.1 0.3 0.1 3.4 16
dust suppressant std 19 0.7 10 <0.1 0.2 <0.1 0.6 3
Track tamping after avg 1 114 2.4 50 0.1 0.7 0.1 3.4 20
dust suppressant std

Whole avg 22 08 46 13 119 23 02 10 329 03 94 30 07 14 03 05 73 03 11 02 25 189 114 244 1177
campaign std 02 17 03 27 05 01 04 85 01 23 06 02 03 01 02 21 02 02 <01 7 51 34 62 279
Additon avg 2 07 41 12 104 21 02 08 32 03 90 31 07 12 03 03 04 60 03 09 23 173 104 253 1176
of ballast std <01 08 01 12 <01 <01 <01 4 01 14 <01 <01 01 01 <01 <01 03 01 00 4 18 6 17 112
Track avg 2 09 76 13 130 23 02 16 30 03 88 32 08 15 03 05 06 83 02 12 25 181 117 228 1062
tamping  std 01 49 <01 25 02 01 06 1 01 10 02 02 03 01 01 01 24 01 02 4 1 17 9 3
Additon avg 2 09 54 16 145 27 03 11 37 04 113 32 07 13 04 04 06 86 02 11 29 240 148 291 1342
ballast*  std 04 10 04 28 06 01 08 10 041 32 08 03 05 01 02 03 27 01 02 8 59 43 60 349
Track avg 1 15 38 20 169 33 03 24 5 06 151 44 12 21 06 07 10 125 03 1.4 39 308 207 350 1743
tamping* std

* with dust suppresant
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Figure64. Average chemical composition in pg$h{major components grouped according to similar
origin/properties) for the periods without works and during the ballast operations &oble Sec

station.

Figure65 (below) compares the ballast worklated samples with the average for the

gK2tS OF YLI ATyS

PM:s sampled during the days immediately after ballast tamping. Note in particular the
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usefulness of Al, Li, Rb and Ti as tracers for silicate rock dust.

25
2,0 4 °

15 o
° °
o ® 0o,

101 o e® % o0

ratio works/all campaign

0,5

0,0

@ Ballastadditon @ Tracktamping

Al Ca KNaMgFeS@TC

Figure65. Ratio between concentrations of major species and trace elements during ballast addition
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andtrack tamping andconcentrations during the normal conditions (no night works beircarried out)

for Poble Sec
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3.3.6. Tarragona

The chemical composition of BMsampled at Tarragona station is shownTable 36 as
averages for the different ventilation settings. These data demonstrate that the worsening in
air quality on the platform when fans operating at higher power are reversed from impulsion

to extraction is primarily due to an increase in ferruginous phles (FePM measured as;6¢

rises by over 30%) and to a lesser extent carbonaceous particles (up 13%). The extra loading in
FePM adds over 10 pginto ambient levels of PM. In contrast, concentrations of crustal
mineral particles, as reflected by édntent, appear relatively unaffected. The increase in Fe is
accompanied by similarly substantial increases (in descending order from 43% to 24%) in Zn,
As, Co, Mn, Cr, Sn, Sb, Cu, Ni, Sr, and Ba. These observations confirm that it is the tunnel air
contaninated by metalliferous particles mostly sourced from brakes, rails and wheels that is
being sucked into the station by platform fans extracting air at higher power.

The main chemical components present in platform air under the four different conditions
studied are compard in the histograms on Figur&.60nce again the four main components
show the usualhierarchy of ferruginous PM> carbonaceous PM> crustal PM > Secondary
Inorganic Compoundsimilarlyclear is the increase in FePM when impulsion fareyaiing at
higher power are switched to extraction. The four chemical components were present in very
similar concentrations under WTV for standard and #standard ventilation conditions with
FeOs varying from 3537 pg n¥, carbonaceous aerosols (CA)nfral918 pg m?, crustal
material 98 pg m* and sulphate 2 pg nv.

90
80 -
70 -
Not determined
60 -
T H Trace elements
2 50 - m Na+Cl
\g 40 - SIC
H SO42-
30 -
mCA
20 - m Crustal
10 - m Fe203
O .
Standard Modified Standard Modified
ventilation ventilation ventilation ventilation
STV ‘ WTV

Figure66. Average chemical composition in pg-f{major components grouped according to similar
origin/properties) for normal ventilation settings and for reduced ventilationsettings SQ*
concentrations are only shown for WTV, whereas SIC and Na+Cl is only shown for STV.
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Standard ventilation avg 14 60 0.9 29.8 0.05 0.3 0.06 121 2.9 0.5 0.1 0.6

std 14 0.2 7.5 0.01 0.2 0.04 3.0 0.7 0.2 0.2 0.2
Modified ventilation avg 7 73 1.0 40.8 0.09 0.4 0.06 13.7 3.1 0.6 0.2 0.7

std 22 0.3 14.2 0.10 0.3 0.01 3.3 0.8 0.1 0.2 0.3

‘ Weaker ventilation ‘

Standard ventilation avg 13 80 1.1 35.3 0.06 0.3 0.08 13.6

std 18 0.5 10.2 0.02 0.1 0.06 29
Modified ventilation avg 7 81 1.1 37.2 0.06 0.3 0.07 13.0

std 17 0.3 9.7 0.02 0.1 0.01 3.0

 Stronger ventilation

Standard avg 06 39 14 15 17 05 08 289 01 68 22 04 08 03 03 66 03 01 01 24 205 97 200 1115

std 02 15 03 3 03 02 02 86 03 19 07 01 02 01 01 23 04 <01 01 6 49 23 52 323
Modified avg 07 47 19 19 24 04 09 361 01 90 29 05 09 03 04 122 04 01 01 32 275 126 285 1384

std 02 14 06 5 07 01 03 134 01 26 08 01 02 01 01 100 04 <01 <01 12 94 44 113 466

Standard avg 06 60 17 19 21 03 08 433 02 83 24 06 11 02 07 75 03 <01 01 34 233 138 303 1492
std 02 25 05 5 05 01 03 135 01 27 07 02 03 01 03 29 04 01 01 11 68 43 86 433
Modified avg 06 57 18 197 22 03 09 417 02 87 25 07 12 03 08 83 02 <01 02 36 236 131 329 1451
std 02 44 04 43 03 01 03 128 <01 14 04 01 02 01 02 18 01 <01 <01 9 61 34 35 467
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Figure67 shows the ratio between the concentrations of major species and trace elements
during normal and modified ventilation. The ratios exceeding unity indicate the increase in
concentration presurably attributable to the change in the ventilation settings. The rise in
subwaysourced metallic element concentrations under stronger extraction of air from the
platform to outdoors is clearly demonstrated in this figure.
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Figure 67. Ratio between conentrations of major species and trace elements duristronger and
weakerreversedventilation and normal ventilation settings

Close examination of the individual day chemical data again reveals the recurring presence
of sulphatic SIC pollutants (1%, 20, 2526, 36031 March, 24, 10 April, @ May, 1014, 2021,
27-28 June), presumably infiltrated from contaminated outdoor city air. During such days
levels of S@on the platform rose to up to 5 pg n typically accompanied by higher
concentrationsoNHZ +3 {S® LY FFRRAGAZ2Y YAY2NJ aONHza Gt &7
of Al and other related elements can be recognised from the database (29 Februarg, 1, 3
March, 7 April, 14 June). Further evidence of outdoor air infiltration is obtairfexin an
examination of the data from 24 June when firewadntaminated air in the subway caused
concentration spikes in K, Sr and Sb, all elements well known to be characteristic of fireworks.
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3.3.7. Collblanc

The chemical composition of BMpresent in amient platform air at the deep, modern
station of Collblanc (L9S) is shown in Ta&Jewvhich compares data with tunnel ventilation
switched on and off, and includes data from the mmperational platform closed to public
located on the floor above the ona use. Under normal ventilation conditions carbonaceous
particles were more abundant than FePM, followed in turn by crustal then sulphate aerosols.
The reduced amount of FePM, at jusR4ug n7, is particularly impressive when compared
with older metro lines in Barcelona. This hierarchy of CA>Fe>Crustal>Sulphate underwent a
striking change once the tunnel fans were switched off (Figi8e With the lack of air
impulsion from outside, the dilutg influence of outdoor ambient air immediately decreased
and particles sourced from within the subway became dominant. Ferruginous particles now
became by far the most abundant group {6e27 ug n¥), followed by carbonaceous aerosols
(CA7 pg m®), crusal material @ ug n®) and sulphate Z pg n°), reverting to the typical
hierarchy shown in our studies of other subway stations. In the case of th@mpemtional
platform the compositionahierarchywas similar to the one in use, although all chemical
components concentrations were even lower, except for sulphatgg m®). In this platform

FeOs concentrations were as low as 1 pg’na record for any station measured in Barcelona,
indicating a strong lack of particles emitted by train movement.

The concentrations of trace metals followed the same pattern and thus the Collblanc
experiment offered an excellent opportunity to examine the detailed chemical character of the
Gadzogl &8¢ CSta a2d2NOS® hyOS GKS ddzyyStalTlya ¢S
AYONBI&aSR o0& &aAE 2N 4aSgSy¥F2tRod ¢KS fA1Steé& &azdzN
20 which shows that all three are present in train wheels (9808 Fe; 7,00ppm Mn, t
2000 ppm Cr), rails (980,000pm Fe; 10,75@pm Mn; 75 ppm Cr)and brakes (333,50ppm
Fe; 2615pm Mn; 159ppm Cr). The fact that all three elements similarly increased by x6
implicates train wheels as a likely important source for FePM, given the relatively small
amount of Cr in the other two components. Cobalt @eother trace element similarly
implicated in train wheel wear, with increases from-0.2 ng n? up to 1.0 ng nt once the
tunnel fans were not operating. In the subway environment this metal is most abundantly
present in train wheels (8ppm) andbrakes (17ppm), and is virtually absent from rail steel
(Table B).

Another trio of trace elements that can be identified from the Collblanc database is that
of Ba, Zn and Sb, all of which increased substantially once tunnel ventilation was turned off on
16" May. In this case a likely important source implicated is brake wear, given the composition
of the brakes used in L9: 17,19pm Ba; 67,279pm Zn; 3,879ppm Sb (Brake 1 Tab®. 2
Antimony, which shows the highest increase of the three, is mosylilslo being sourced
from the pantograph (3@m Sb), wheels (up to 2dpm Sb) and rail (1ppm Shb). Finally, Cu
showed the most extreme increase in airborne concentration in the absence of tunnel fans,
jumping from just 8 ng Mup to 119 ng ni from the 15" to 16" of May. This is most likely due
to the fact that this metal is present not only in brakes (77,p@6n), wheels (up to ,960
ppm), and to a minor extent from in rails (1Pm), but it is the most important trace element
in the pantographs useih L9 (197,104pm Cu).
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Operational platform avg 31 25 04 42 0.01 0.33 0.04 5.38 1.8
std 5 0.1 2.1 0.01 0.83 0.02 3.03 15
Non-operational avg 13 19 04 1.1 0.01 0.13 0.05 4.47 21
platform std 4 0.2 0.3 0.01 0.07 0.01 1.24 0.4
Operational platform avg 13 58 0.7 27.4 0.03 0.29 0.06 7.43 29
std 8 0.2 5.2 0.01 0.09 0.01 3.84 1.6

Operational avg 97 40 02 34 03 02 03 25 01 20 23 02 03 <01 31 03 01 02 <01 31 33 16 37 11

platorm std o7 24 01 11 01 01 01 11 01 09 11 <01 01 <01 17 03 <01 01 <01 16 16 9 23

Nonoper. avg 01 51 02 34 03 02 02 16 01 17 08 02 03 <01 32 02 01 02 <01 17 10 7 35
platform std

<01 30 01 17 02 <01 01 08 <01 08 02 01 01 <01 15 01 <01 01 <01 0.7 4 2 16

Operational avg 94 57 08 72 08 03 08 60 01 34 12 02 05 01 58 03 01 02 01 18 200 131 111 28
plaorm st 04 57 08 72 08 03 08 60 01 16 3 <01 01 <01 43 06 01 01 <01 3 38 30 103 10

“CSIC [+
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60

Collblanc
50
40
% 30 Operational
E platform Non operational
platform
20
) !
0
TV on TV on TV off
Not determined 8,49 6,95 3,68
H Trace elements 0,16 0,09 0,55
m SO42- 1,85 2,15 2,90
mCA 6,85 6,26 10,40
m Crustal 3,89 2,76 8,89
mFe203 4,21 1,10 27,42

Figure68. Average chemical composition in pg-f{major components grouped according to similar
origin/properties) for normal ventilation settings and for reduced ventilation settings

Figure 69 shows the ratio between the concentrations of major species and trace
elements when the TV was off and metnonoperational platform respect to the background
situation (TV on in operational platform). The ratios exceeding unity indicate how the
concentrations of most of the components and trace elements increased when TV was not
functioning. It can be seemat the vast majority of elements were higher when the TV ofés
and also that sulphate and V were higher in the foperational platform compared to the one
used by passengefsatio >1) which may be due to the frequent pass of maintenance heavy
vehicles (diesel ran) in this railtrack. The pass of these vehicles was recorded by the Dust Track
equipment (as discussed in previous sections) when extreme transient peaks were registered
in daytime hours. The frequency of these peaks would explain why thegadbust Track
PM:s value for this platform was 2fg m?while this value is 1¢ig m® when measured by
weighingof filters.
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Figure 69. Ratio between concentrations of major species and trace elements duriegluced
ventilation settings and normal vetilation settings.
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The influence of outdoor air, observed by comparing with the Barcelona background
outdoor monitoring station at Palau Reial (Figdd, is reflected in the PM chemistry. Several
short events involving an increase in the concentratiomplatform air of Secondary Inorganic
Compounds, notably sulphate, ammonium and V, can be seen in the database when the tunnel
fans were operating normally (e.g. 281ay and 18 June). More surprising is the pollution
event of 8 June when a combined A¥+SIC event increased levels of almost all elements
underground, including 8.8ig m® SQ, 1.6 ug ¥ NH; and 12.3 ng m V. This event was
recorded on the platform despite the fact that the tunnel fans were switched off, indicating
that some connection Wh outdoor air was maintained, either through the Collblanc
ventilation system or those of adjacent stations.

The most spectacular example of outdoor air infiltration however took place during the
fireworks festival of San Juan (2324" June). On 23 June, with tunnel fans working as
normal, levels of Ba suddenly rose from 18 to 338 n &r from 3 to 59 ng ) and K from
0.2 to 3.9 ug m. This dramatic rise in these three classic firework tracers was accompanied by
notable increases in Mg, RBs, Pb, Bi and Cu, all also known to be characteristic of firework
emissions. Given these levels, it is likely that increases occurred in most or all other stations
and that the entire subway network was affected. The exceptional nature of this pollution
event can be appreciated in the light of the fact that normal background levels of the three
main firework tracers in Barcelona are 5.2 ngfior Ba, 0.8 ng mifor Sr, and 0.1 pg thfor K.

3.3.8. Air Purifiers in Tarragona and Palau Reial

Average chemicalompositions of Pl¥s sampled at Tarragona station before, during and after
air purifiers were being tested are shown in Take including a comparison between locating
one of the purifiers close to (eRolatform) or away from (miglatform) the monitoring
equipment.

The reduction in PM levels when the air purifier A was placed next to the monitoring
equipments at the end of the platform during the daytime, as noted previously in the Dust
Track data, is also recorded in the chemical d&igure70). FeQ;, crustal material and CA all
decreased in unison by 2Z28%, whereas sulphate levels were unaffected. Similar decreases by
HE?> 2NJ Y2NB |INB aKz2¢y oe Fff (GKS GeLAOFt &adzs
Zn. Interestingly elements normallyare associated with sulphate intrusions, such as V, Se, As
and Ni decreased less or not at all. One conclusion to be reached from these observations is
that air purifier air does not preferentially fractionate most of the particles, with crustal,
carbonaceus and ferruginous PM being trapped equally, but that the purifier appears much
less able to trap fine sulphate particles. The latter limitation, of course, is not a problem in the
subway environment where sulphate PM is usually only a few percent abtale
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Table38. Concentrations of major components and trace elements of P\t Tarragona station with two different air purifiers

Tarragona n PMzs AlOs FeOs TiQ K0 P05 TC SQO%
Previous condition avg 1 81 1.2 36 0.08 0.41 0.08 15 2.82
before purifier 10/3/16 std
Purifier A avg 11 66 0.9 28 0.05 0.25 0.07 12 2.71
(end of platform) std 13 0.2 7 0.01 0.07 0.01 2 0.60
Normal ventilation avg 13 83 1.1 37 0.06 0.32 0.09 14 3.21
std 16 0.5 9 0.02 0.12 0.06 3 0.91
Purifier B avg 10 172 33.6 37 0.08 1.67 0.08 30 3.10
(endo of platform) std 41 14.3 7 0.03 0.57 0.02 9 0.54
Previous conditions avg 1 87 1.5 39 0.06 0.34 0.07 18 3.05
before purifier 25/4/16 std
Purifier A avg 8 87 1.6 40 0.06 0.29 0.07 17 2.75
(middle of platform) std 17 0.4 8 0.01 0.05 0.01 3 0.63
Normal ventilation avg 7 83 1.2 39 0.06 0.28 0.07 16 3.47
std 20 0.3 12 0.02 0.04 0.01 4 0.92
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Normal avg 06 29 17 165 19 <01 10 48 02 91 24 07 13 03 09 65 02 02 02 38 241 132 290 1756
ventilation std

PurifierA avg 05 30 13 14 16 01 07 35 02 69 18 06 11 03 07 55 02 01 02 28 182 105 232 1248
(endplatf) s 01 13 03 3 03 01 02 10 <0l 17 05 01 01 01 02 17 01 01 01 7 44 22 60 294
Normal ayg 06 58 18 20 22 03 09 45 02 88 26 07 12 03 08 7.7 04 <01 01 36 243 143 319 1556
ventilation sty 9> 27 04 5 05 01 03 12 01 25 06 02 03 01 03 28 04 01 01 10 63 40 75 392
PurifierB  avg 1.0 64 18 17 21 03 13 50 02 94 31 07 14 04 05 82 02 02 02 36 2429 139 291 1661
(endplatft) s 03 23 04 3 03 01 04 10 <01 21 08 02 04 02 01 32 01 01 01 8 920 28 60 327
Normal avg 06 30 16 154 20 02 09 45 02 92 23 06 11 03 05 69 01 02 03 32 272 143 298 1598
ventilation std

Purifier A avg 06 48 17 16 20 03 08 43 02 95 27 06 10 03 05 74 02 02 02 33 287 147 291 1579
(mid.plat) st 01 26 03 3 03 01 02 11 <0l 18 04 01 01 01 01 21 01 <01 01 7 61 32 52 428
Normal ayg 06 57 16 16 21 03 08 44 02 91 23 07 12 03 05 74 03 02 03 32 261 139 264 1621
ventilation sty 9> 12 05 4 05 01 02 10 01 32 05 01 02 01 01 20 03 <01 <01 10 8L 43 73 379
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The chemical data on Tablg8 confirm that the purifier improves air quality in its
immediate surrounding area, but not some tens of metres away (in this case halfway down the
platform) where there was no observable effect. They also demonstrate the spectacular effect
of equipment mdiunction in the case of purifier B, most notably in the concentrations pf Al
Mn and, to a lesser extent, carbonaceous material. Fingiyre71 shows the ratio between

the concentrations of major species and trace elements when the air purifiers vpem@ating
in the platform. The generally consistent performance of purifier A when in thepéattbrm

position adjacent to the monitoring equipment is again clear from this diagram.

250
Tarragona
200
150
E
g 100
50
0 o i i
Normal Purifier A Normal Purifier B | Normal Purifier A | Normal
ventilation | (end platf) | ventilation | (end platf.)| ventilation | (mid. platf.)| ventilation
Not determined 9,4 10,6 11,5 8,9 7,7 7,1
m Trace elements 2,6 1,9 2,4 4,7 2,5 2,5 2,4
B S042- 3 3 3 3 3 3 3
mCA 22 17 20 42 24 23 23
H Crustal 9 7 9 141 11 10 8
mFe203 36 28 37 37 39 40 39

Figure70. Average chemical composition in pg-#f{major components graped according to similar

origin/properties) for all ventilation settings considered
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Figure71. Ratio between concentrations of major and trace elements during the use of air purifiers.
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In the case of Palau Reial the composition obPWhile air purifiers were tested is shown
in Table41 which allows comparison between each different period with and without the
purifiers at the end of the platform. In this station both purifiers were located in the same
place but in different weeks. Dung this 28day experiment daily PM levels in Palau Reial
station were extremely variable, ranging fro85 pg n¥ to >100 pg n?. There was clear
connection between platform and outside air, with both SIC and crustal events being
recognisable, especiallyn the second half of the sampling campaign. The result of this
variability in daily PM levels was to mask any cleansing effect attributable to the purifiers so
that the changes in concentrations recorded by TalfleaBd Figure72 are not statistically
significant. The problem is demonstrated, for example, by the fact that PM levels over doubled
on the last day when purifier A was in use. Similarly confounding is the observation that PM
levels fell the first day after purifier B was switched off. We corelindm such observations
that the efficacy of these purifying machines will only be clear where the station is less subject
to strong influence from outdoor conditions, as was the case for Tarragona (Bigure

70

60 | Palau Reial
50

40
- B
20
-
0

pg/m3

Previous Purifier A Previous Purifier B
conditions (end platf.) conditions (end platf.)
Not determined 6,1 8,7 6,4 5,6
H Trace elements 0,9 0,7 1,4 1,0
m S042- 1,61 1,76 5,38 2,52
mCA 13,04 13,58 21,01 15,80
m Crustal 3,4 4,04 6,2 5,54
mFe203 16,7 17,86 22,7 22,03

Figure72. Average chemical compositiomipg m® (major components grouped according to similar
origin/properties) for all ventilation settings considered

The ratio between the concentrations of major species and trace elememtsediately
0STF2NBE o604t NSOA 2dza fRey R dirAp2rifieist were lopériatingRimlziié y 3
platform (Figure73). Tte data for purifier B shows eelative lowering of most elements, but
SalLISOAlLfte GK2aS |aaz20A0SR ¢AGK &adzZ LKIFGSZ
YSil ¢ O2YLR Yy Sally ukaffertS8dd BaNdtiohsiin BiAcbidcentration on Palau
Reial station during the sampling period varied considerably due to outdoor influences which
had a greater effect on aerosol levels than the purifiers.
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Table 3. Concentratons of major components and trace elements of Rbat Palau Reial with two different air purifiers

Palau Reial n PMzs AlOz FeOs TiQ KO P-0s TC S042
15/10/16 std

Purifier A avg 7 47 0.6 18 <0.1 0.1 0.1 10 1.8
(end of platform) std 11 0.2 5 <0.1 <0.1 <0.1 3 0.7
Previous conditions before purifier — avg 1 63 0.8 23 <0.1 0.2 0.1 15 54
1/11/16 std

Purifier B avg 7 52 0.8 22 0.1 0.2 0.1 11 2.5
(end of platform) std 14 0.2 6 0.1 0.1 <0.1 4 1.2

Normal awg 04 25 07 66 09 02 03 157 01 58 15 04 08 01 03 33 02 01 01 12 92 58 113 525

ventilation std

PuriferA avg 04 25 07 73 09 02 03 172 01 50 16 04 07 02 03 39 02 01 01 15 97 58 125 587
endplatf) g9 01 16 02 22 02 01 01 46 <01 14 06 01 02 01 01 17 01 <01 <01 4 25 15 31 149

Normal ag o6 31 09 77 10 03 05 252 02 72 21 05 09 03 04 57 04 01 02 19 121 89 183 845
ventilation std

PurifierB  avy 05 23 10 67 10 02 05 230 01 67 19 05 08 03 03 57 03 01 02 18 118 82 183 773
(endplatf) g9 01 13 03 22 02 01 01 72 <01 19 06 01 02 <01 01 19 02 <01 <01 5 32 27 50 251

“CSIC[

105



IMPROVE LIFE

Implementing Methodologies and Practices to Reduce
air pollution Of the subway enVironmEnt

2,5 - ® PurifierA endplatf.) ® PurifierB endplatf.)
5
5]
= 20 - °
ac) [ ]

°

> °
c 1,5
S .
o
€ 10— %2see
o eeo o o ®
£ ° °
>
2 0,5 °
2
<

L e e e e

Al Ca KNaMgFeSQIC P LV Co Ni As Se Rb Sr Mo CSlsha Ce W PBi Th U Ti Cr Mn Cu Zn Ba

Figure73. Ratio between concentrations of major and trace elements during the use of air purifiers.
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4. CONCLUSIONS

In this report we have presented detailed results on each of the sampling camspaiganised

under the IMPROVE LIFE project. The value of these results in terms of what they can teach us
about the variousontributions to the mix of fingarticulates breathed underground, and the
implications for air quality mitigation measures, mag/summarised as follows:

a. Night maintenance work in the subway typically produces transient peaks in particle
concentrations that can be measured on the nearest platform, commonly exceed 200 g
m3, and in extreme cases can exceed 1000 g m

b. The data from the Sagrera, Santa Coloma, Palau Reial, Maria Cristina and Poble Sec
campaigns demonstrate that dust emissions from tunnel night work typically result in
poorer platform air quality at the beginning of daytime train operations. This additiona
airborne PM loading declines over the working day. At Sagrera, for example, the
additional worksrelated extra PMsloading on the platform at the beginning of the day
was typically around 10 pg#nThis increase in ambient PM mass can be due to arrise
coarse inhalable particles (BMo0 A GK | RAAGAYOGADBS GONMHzAG |
strongly implicating ballast mineral dust as a likely source. However this extra night time
GolfflFad o2N)] SFFSOGe 06S0O2YSa Ravhlismer SR | yR
air currents driven by trains and ventilation systems.

c. The experiment performed in Poble Sec station indicates that treating rock ballast with a
polymer dust suppressant rather than simply washing it with water has the effect of
reducing dustgeneration during night work. One result of this is the reduction of any
extra residual dust loading present on the platform in the early morning when trains
begin operating. We estimate from the Poble Sec data that reductions in early daytime
PM.s concentrations of at least 10% are achieved by using the polymer suppressant,
thus reducing the extra loading of silicate dust that is subsequently dispersed through
the subway system during the operating day.

d. The air quality on subway platforms can be markeitifluenced by outdoor city air
quality, especially during the arrival into the city of-feavelled pollution clouds such as
anthropogenic SIC intrusions and North African desert dust events. The Sagrera
experiment elegantly demonstrates that increasesPM s mass measuring over 20 ug
m3 can be produced underground as a result of pollutant infiltration from street level.
Some stations (such as Santa Coloma) however show poor correlation between subway
platform dust levels and pollution events aboveognd so that it cannot be assumed
that contaminated city air always automatically produces a deterioration in air quality
underground. One factor that may influence the amount of outdoor infiltration is station
depth: in our study the deepest station (Sar€oloma: 12.6m) showed the least outdoor
influence. However, as demonstrated from the Collblanc campaign, efficient modern
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ventilation systems are perfectly capable of bringing air deep underground and thus
maintaina strongconnection between subway aralitdoor city air.

e. Subway air is not only affected negatively by the infiltration of outdoor air. Levels above
ground, away from traffic hot spots, are typically less contaminated by PM than in the
subway. The difference between the two environments is tmoarked after the arrival
in the city of a clean atmospheric advection event such as, in the case of Barcelona, air
blown northwest from the Atlantic. Such cleansing events can have a considerable
impact on subway air, as demonstrated the data fromPahu Reidk datawhere on
such arrival above ground caused a decrease in ambient subway|@kIs of over 20
ug n.

f. The data also indicate that another factor influencing morning platform particulate
levels during train operational hours is the timinfany coarse PM peaks during the
night. The closer the peaks are to subway opening hours, the less time airborne particles
will have to fall out of suspension. Thus from the point of view of daytime platform air
quality it is preferable to minimise dust geration later in the night. The mornirafter
effect of night work dust events thus will depend not only on how much dust was
produced, but when it was produced during the night.

g. Our detailed daytime PM filter analysis database consistently demonstraggstie
main inorganic chemical components of inhalable airborne subway particles are
ferruginous, carbonaceous, crustal (mineral), and secondary inorganic compounds
(mostly ammonium sulphate and nitrate) plus minor amounts of sea salt and trace
elements.The ferruginous PM loading of subway air is typically greater than the mass of
carbonaceous materials, and both of these components are more abundant than crustal
dust and SIC. In some stations (suchTasuan andJoanic) ambient levels of the
ferruginous component can be extremely high (RMup to 52 ug m?®). Our studies
indicate that the concentration ranges for each of the four dominant chemical
components comprising subway PMare as follows: Ferruginoug-52 pg ms
Carbonaceous7-24 pug ni®; Crustal mineral dusB-9 ug m® Secondary Inorganic
Compoundsl-5 pg nv.

h. Unusually high levels of firgzed sulphate and ammonium ions present on subway
platforms can be traced to the arrival of SIC pollution plumes in city air, and offer a
useful indcator of infiltration of outdoor air down into the subway system. Even in the
absence of chemical information, comparison of concentration patterns between
outdoor city background monitoring stations and subway platform air can provide
convincing evidencas to whether significant infiltration from outdoor air is regularly
taking place.

i. Mineral dust in the subway, mostly silicate in origin, will be coarser than infiltrated SIC,
and can source from both outdoors and within the subway system, especially when
tunnel maintenance works involving rock ballast is taking place. Such dust can be
recognised not just physically from its coarser character, but also chemically by
increases in elements such as Al, Ti, and Rb. There is some evidence that night work
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involving ballast can raise ambient PM levels on the platform for several days after the
event.

j- In contrast to mineral dust, SIC particles have a completely different trace element
signature which can easily be recognised in our £temical database for argiven
day. Such infiltrated particles will be rich in sulphate and ammonium ions, sometimes
with additional nitrate and chloride, and are typically accompanied by a distinctive
cocktail of anthropogenic metals such as V, Se and Cd.

k. The distinctive metdit chemical signature of subway airdbaracterisedby elements
present in brakes, rails, wheels and the catenary systemd is dominated by Fe and C
Concentrations of metals such as Fe, Ba, Zn, anad¢dwinbeover one hundred times
higher in the subway #mn in the background outdoor air of Barcelona.

I. Each subway line has its own distinctive chemical signature depending on the chemistry
of train components ise, station design, and route through the city.

m. Train brake pad chemistry influences the composition ahbient PM.s present in
subway airThus in Barcelona B&h brakes contaminate subway air with Ba, Sr, Zr and
Ti, whereas Shich brakes produce enrichments in ambient Sb that can be 40 times
higher thanin stations of other linesBoth Mg and Cu content of platform Blcan also
be traced to brake emissions, although other sources are also implicated, namely
pantographs for Cu and ballast for Mthere is evidence to suggest thaheve brakes
are used mee, such as along lines wittighergradients,concentrations of these tracer
elements, and therefore brakeslated PM,increase significantl{e.g. nearly 50%more
Bain L3despite using the same train components ak L1

n. Carbon is ubiquitous in the subwaystem,with PMys concentrations os-m 1 * 971 Y
rankingit secondin abundance after Fe in most lindhehighest ambient C levels were
recorded in lines where trains use C brushes astiCbrakes (L1 and L3), as well as
those employing €ich pantographs in stations with a single platform design (L2). Given
the evidence from the trace element data discussdove there can be little doubt that
brake dust contributes much C M insubway air, althoughhte multiple origins for
CPM complicate any attempt teesolve the additional contribution to subway air of
carbonaceougparticles from pantographs and brush

o.LNRY A& GKS Ofl aaArAl0 aqadzomgle YSilfteésx LINBaSyld
concentrations normally lying within the range ¢ = % ¥éPMs@-p H > H&OY It
is present in every subway component, but especially in steel wheels \fritike rail
steel) have the same Cr/Fe value (0.001) as subway platformsPMain brakes also
containsignificant amounts ofe but these are likelgoncentrated in coarser particulate
fractions thanPM:s. Other FePM sources (ballast, carbon brushesitqgraphs and
outdoor air) are of minor importancd.he considerable differences in measured subway
FePM concentrations between stations linked more tohow much tunnel air
contaminated with rail PM is entering the platforrather than any other factor and is
thus primarily a question cftation design andentilationsystem
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p. Subway ventilation protocols can be designed to drive outdoor air into the platforms
and tunnels by impulsion or suck air out of the system by extraction,danthis at
different power settings. Our experiment in Tarragona station demonstrates that
platform air quality can be significantly affected by both the direction and intensity of
fan air flow.Faster fan impulsion of outdoor air into the platform proésccleaner air
by diluting ambient levels of subway particles, providing outdoor PM levels are not
higher than those underground.

g. In contrast, reversing mechanical air flow to extraction from impulsion does not improve
air quality on the platform. Worseti8, if platform fans are extracting fast enough the
effect will be to suck contaminated air from the tunnel into the station, as confirmed by
the fact that at Tarragona most of this extra tunnel air loading was ferruginousp@g10
m®) plus a relativelyninor amount of carbonaceous material (1.5 pg)mrhe increase
in Fe was accompanied by similarly substantial increases in Zn, As, Co, Mn, Cr, Sn, Sb, Cu,
Ni, Sr, and Ba, all metalliferous particles sourced from brakes, rails and wheels.

r. Both tunnel andplatform air quality during the night are improved by turning off
platform fans and reducing tunnel fan power, this giving particles time to be deposited
out of the air column before later resuspension when the trains start running again.

s. Ourexperiment & Collblanc clearly demonstrates the importance of a strong tunnel fan
system in reducing contamination of tunnel and platform air by subway FamPM.
reduced amount of FePM on the Collblanc platform, at fu&tpug m?3, is particularly
impressive when copared with older metro lines in Barcelon@ihe impact of these
fans on platform air quality is notable despite the presence of brand newefudth
platform screen doors which might be expected strongly to inhibit air exchange between
platform and tunnelOur data further demonstrate that with platform fans operating on
extraction such a PSD system will not stop inhalable PM levels from doubling or even
(for the coarser sizes resuspended by the strong train piston effect) quadrupling if the
tunnel fans areshut down.

t. Remarkably low levels of FePM were measured in theoperational upper platform at
Collblanc where platform E@; concentrationswere just 1 pg n¥, a record for any
station measured in Barcelona, indicating a strong lack of particles emitted by train
movement.

u. The Collblanc experiment offered an excellent opportunity to examine the detailed
OKSYAOIf OKIFNIOGSNI 2F UK Sundebfaizsweteduinedof§t a & 2 dzN
levels of Fe, Mn and Cr all increased by six or sevenfold. The likely main source for these
Gadzogle YSGltaéd Aa RSRAIZOSR (2 6S GNIXAy ¢KSS
another trace element similarly implicated in tnawheel wear. Another group of
GeLAOLEfe Gadosleéd GNIOS St8ySyida GKFE OFy ¢
that of Ba, Zn and Sb, all of which are implicated in particles emitted from brake wear.

Antimony, which shows the highest increase o€ tthree, is most likely also being
sourced from the pantograph, wheels and rail. Finally, Cu showed the most extreme
increase in airborne concentration in the absence of tunnel fans, probably due to the
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fact that this metal is present not only in brakesheels and (to a minor extent) rails,
but it is the most important trace element in the pantographs used in L9. These data
further confirmthat it is the moving parts of the train that are producing most of the
metalliferous FePM so typical of the subwaywieonment.

v. A spectacular example of a subway system contaminated muttoor fireworksevent
is provided by the data for the San Juan festival of223June when levels of Ba
suddenly rose from 18 to 338 ng3nSr from 3 to 59 ng 1 and K from 0.23.9 ug .
This dramatic rise in these three classic firework tracers was accompanied by notable
increases in Mg, Rb, As, Pb, Bi and Cu, all also known to be characteristic of firework
emissions. The exceptional nature of this pollution event can be appeecia the light
of the fact that normal background levels of the three main firework tracers in Barcelona
are 5.2 ng i for Ba, 0.8 ng mfor Sr, and 0.1 pg fhfor K.

w. Our experiments with the use of air purifiers on the platform of Tarragona station
demonstrate that such machines have the potential to achieve substantial reductions of
over 30% in ambient platform PM However, results so far suggest that the benefits to
air quality reduce away from the immediate vicinity of the machine. The mechanical
failure and partial disintegration of one of the purifiers demonstrates how these
machines are still in their experimental stage and need to be carefully tested under real
conditions on the platform.

x. DA@SYy GKS R2YAYylyO0OS 27 (drponanSiNdvatiaihiayf,Ridza ¢ & dzo ¢
purifiers designed to focus more on removing this metallic fraction have the potential
for greater success compared to those unable to fractionate different chemical
components.

y. The most obvious example dfow subway FePM lelse can be greatly reducet
provided by LSCollblanc statioras mentioned abovahich is brand new and equipped
with platform screen doors and powerful modern ventilation systems. On this station
platform FePMs levels are ten times less than measurad Tetuan station, which has a
similar design but is old and lacks PSD. thésefore clear that in some stationthe
application of appropriate mitigation measurésve the potential toreduce ambient
t S@Sta 27F LI by FeeeNMensorhiaogranisy

“CSIC 111



IMPROVE LIFE

Implementing Methodologies and Practices to Reduce
air pollution Of the subway enVironmEnt

5. REFERENCES

Chan, L., Lau, W., Lee, S. & Chan, C. (2002). Commuter exposure to particulate matter in public
transportation modes in Hong Konitmos. Environ., 36(21): 3363373.

lijima A, Sato K, Yano K, Kato M, Tago H, Matimura H, Furuta N2007).Particle size and
composition distribution analysis of automotive brake abrasion dusts for the evaluation
of antimony sources of airborne particulate matter. Atmos Environ. 41:49980.

Kwon, S.B., Namgung, H.G., Jeong, RErk, D. & Eom, J.K. (2016). Transient variation of
aerosol size distribution in an underground subway statemviron. Monit. Assess., 188,

362

Martins V. Moreno T. Minguillon M.C. Amato F. De Miguel E. Capdevila M. Querol X. (2015).
Exposure to airbare particulate matter in the subway system. Science of the Total
Environment511:711¢722.

Martins, V., Moreno, T., Minguillon, M.C., van Drooge, B.L., Reche, C., Amato, F., de Miguel, E.,
Capdevila, M., Centelles, S. & Querol, X. (20@8)gin of inorganic and organic
components of PM2.5 in subway stations of Barcelona, Sgawiron. Pol., 20825¢136.

Moreno, T., Reche, C., Rivas, |., Minguilléon, MC., Martins, V., Vargas, C., Buonano, G., Parga, J.,
Pandolfi, M., Brines, M., Ealo, Mkpnseca, AM., Amato, F., Sosa, G., Capdevila, M., de
Miguel, E., Querol, X. & Gibbons, W. (2016&ban air quality comparison for bus, tram,
subway and pedestrian commutes in BarceldBaviron. Res., 14495¢510.

Moreno, T., Martins, V., Querol, X.nds, T., BéruBé, K., Minguillon, MC., Amato, F., Capdevila,
M., de Miguel, E., Centelles, S., Gibbons, W. (201Bbhnew look at inhalable
metalliferous airborne particles on rail subway platforisi. Tot. Environ., 5(867¢375.

Querol X. Alastuey A. Meno T. Viana M.M. Castillo S. Pey J. Rodriguez S. Artifiano B. Salvador
P. Sanchez M. Garcia Dos Santos S. Herce Garraleta M.D. FeipatieleR. Moreno
Grau S.. Minguillon M.C. Monfort E. Sanz M.J. Paldiadn R.PinillaGil E. Cuevas E.

2008. Spatial ad temporal variations in airborne particulate matter (PM10 and PM2.5)
across Spain 1992005.Atmos Environ 42:3964-3979.

Querol, X., Moreno, T., Karanasiou, A., Reche, C., Alastuey, A., Viana, M., Capdevila, M. & de
Miguel, E. (2012)Variability of leels and composition of PM10 and PM2.5 in the
Barcelona metro system. Atmos. Chem. Phys., 126055c5076.

“CSIC 112



