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Abstract: The air quality in a hospital’s underground car park is a concern because diesel fumes
from cars impact upon vulnerable people attending medical consultations. This research aims to
quantify the potential health risk associated with a particular hospital car park. Particulate matter
was evaluated in the area with direct reading devices for particle numbers and mass concentrations
(CPC 3007, EEPS 3090, Trolex Air XD, Nanozen, and Grimm 1109). Elemental and total carbon
concentrations were measured following the NIOSH 5040 method, while volatile organic compounds
(VOCs), and polycyclic aromatic hydrocarbons (PAHs) were measured through laboratory anal-
ysis and Scanning Electron Microscopy and Energy Dispersive using X-Ray Analysis SEM-EDX
microscopy. The nanoparticle levels reached over 80,000 nanoparticles/cm3 (double the German
Institut für Arbeitsschutz (IFA) benchmark levels). Diesel particulate matter levels measured as
elemental carbon were around 35% of the occupational limit, and from the 49 VOCs analyzed only
13 were detected in quantities below the 0.1% of the occupational limit, while levels of the 13 PAHs
analyzed, were below the laboratory limit of quantification. The study concludes that particulate
matter in the underground car park can easily exceed nanoparticles benchmark levels and could be
harmful, mainly to vulnerable people. It is therefore recommended that they use the outdoor car park
or minimize their time in the underground one.

Keywords: exposure; ultrafine particles; number concentration; diesel; underground parking

1. Introduction

Characterizing air contaminants in indoor and subsurface facilities is critical to engag-
ing the required measures in order to safeguard vulnerable populations from potentially
dangerous sources. Benzene, CO, NO2, and, to a lesser extent, other aromatic volatile
hydrocarbons and particulate matter are the primary pollutants in areas exposed to motor
exhaust emissions [1,2].

In epidemiological studies, short- and long-term urban PM10 and PM2.5 exposure
have been linked to morbidity and premature mortality [3]. However, over the last few
years, concerns about submicron particles have been increasing. Studies have shown that
their surface plays a critical role in their toxic effects, since they have a large surface area
to volume ratio compared to the same material in bulk [4,5], greater as the particle size
decreases. In addition, they have an almost negligible contribution to the mass of the
PM fraction being measured and are therefore often not characterised by the traditional
methodologies, which focus on the particle mass concentration.

As regards emissions from diesel engines, it is estimated that around 6% of lung cancer
deaths are due to diesel emissions (DE) exposure [6]. They were classified as a group 1
human carcinogen by the IARC (2012) [7], and a specific limit value of 0.05 mg/m3 will
apply in Spain from 21 February 2023 [8]. Therefore, it is necessary to measure the amount
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and type of DE in the parking areas and consider the available risk management measures
so as to stay below the limits.

Diesel particulate matter has a bimodal size distribution: the majority of the particles
conforming to DE are within the respirable fraction (PM4), but most of them are ultrafine
particles (UFP; 0.100 µm in diameter or less) [9]. In fact, there is a fraction of DE within the
nucleation mode with sizes between 0.03 to 0.030 µm, and a second fraction from agglomer-
ation mechanisms covering sizes from 0.030 to 0.500 µm made of solids (elemental carbon
75%, organic carbon 19%, metals and elements 1–4%, sulfate and nitrate 3%) intermixed
with other elements, including PAHs and small amounts of other trace elements [10,11].

Previous studies [12,13], identified DE as the primary source of UFPs, showing that
direct-reading instruments monitoring Particle Number Concentrations (PNCs) are a more
specific way of assessing exposure to DE than the common PM respirable fraction (PM4) or
Elementary Carbon (EC).

It has been established that one of the main sources of airborne polycyclic aromatic
hydrocarbons (PAHs) in metropolitan areas is vehicle exhaust [14,15], and these PAHs have
adverse health effects [16]. It is being reported that there has been an increase in volatile
organic compounds (VOCs) emission due to the use of diesel particulate filters in cars [17],
and car emissions are an important source of VOCs in urban areas [18].

Although hospital areas are well monitored, the same is not true for the surrounding
common areas. Little information is available about the health risks associated with time
spent in underground car parks. The underground car park is generally in a closed or
semi-closed space, where air pollutants discharged by motor vehicles are hard to diffuse,
resulting in poor air quality and potential health risks. Hospital employees and patients are
the main users of this type of parking. The former are susceptible to suffering long-term
exposure to the air pollutants present in the parking space, while the latter can be classified
as vulnerable people attending medical consultations in the hospital.

Therefore, the characterisation of the air pollutants present in an underground hospital
parking area was evaluated focusing on the range of UFPs, and as a result, DE, mainly
using direct-reading devices and laboratory analysis. Different metrics PNC (Particle
number concentrations), PM (Particulate Matter), and PSD (Particle Size Distributions),
were compared to each other to assess which ones related most accurately to the results
from the laboratory.

2. Materials and Methods
2.1. Characteristics of the Sampling Site

The study was carried out in Oviedo, Asturias, Spain, in the HUCA (Hospital Univer-
sitario Central de Asturias) car park 1, which is located 2.5 km from the City centre, in the
North West, in an area with residential buildings and a shopping centre, and which has
communications with two nearby highways.

The car park is located on the side of the hospital building. Pedestrian access to the
parking is provided via four stairwells and two elevators. There are 722 parking spaces
and 22 motorcycle spaces distributed on two floors, each of 9643 square meters. The first
floor provides access from one side and has natural ventilation, while the second floor is
fully underground (Figure 1).

More than 1000 cars use the car park daily from Monday to Friday. When hospital
activity is reduced on weekends and holidays, the number of vehicles is much less. Before
the COVID-19 pandemic, the car park was used by about 20,000 cars on average per month;
since then, the monthly average has dropped to around 15,000 vehicles. On the one hand,
the transit of patients was reduced since hospital appointments only allowed one person
each time. Thus, many people travelled alone by public transport or were brought by a
driver who did not have to park. Visits to hospitalised patients were also restrained to
one person and at specific time slots. Therefore, the distribution of parking visits was also
different than it had been previously. One of the three parking areas was closed due to the
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location of the vaccination post at that site. This fact concentrates the mind, even more, on
the car presence in this parking space.
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The outdoor air quality in the station nearby the parking fulfils the legislation: in
2021, only ten days exceeded the regulated 50 µg/m3 for PM10 although the PM10 annual
average was 23 µg/m3 and the PM2.5 annual average 13 µg/m3 [19].

All the measurements were carried out in level -2, following the safety criteria of
the worst-case scenario [20]. Data were collected continuously from 15 November to 3
December 2021 with the Trolex Air XD on several alternative days with EEPS 3090, CPC
3007, Nanozen, and GRIMM 1109.

2.2. Sampling Methodology
2.2.1. Particle Sampling

To obtain real-time information, different direct reading devices were in place. Measur-
ing metrics and particle size ranges were different for each device, covering a wide range,
from 0.0056 µm to 34 µm. PNCs were measured with a Condensation Particle Counter CPC
3007, while PM was measured with Trolex Air XD, Nanozen, and Grimm 1109, and Particle
Size Distributions (PSDs) were measured with an Engine Exhaust Particle Sizer EEPS 3090
and Grimm 1109. A summary of the measuring ranges and specifications of each of the
devices can be seen in Table 1.

Having different metrics to detect the airborne particles ensures the coverage of the
whole range of sizes, since UFPs have a very low impact in mass but are present in high
PNCs, and the opposite occurs for particles greater than a micron (high PM, low PNC).
Therefore, instruments covering both types of metrics are necessary, especially when a
particular material such as DE is to be detected and it is not clear which range will show
the greatest concentration of particles.

The CO is monitored by an internal system situated in the car park. This system
activates the mechanical ventilation as follows; when CO levels reach 50 ppm, one extraction
system starts; when achieving 100 ppm, a second one starts, and if it exceeds 150 ppm, the
emergency mode is initiated.

Before sampling, instruments were calibrated according to the manufacturer’s in-
structions, and “zeroing” was done every day before sampling. After sampling, filters
were changed, slits cleaned daily, and batteries were replaced to ensure reproducibility
and comparability among samples from different days. All the nozzles of the devices
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were pointing towards the East, which is the entrance for cars coming from the first floor
(Figure 1).

Table 1. Direct reading instruments used for monitoring the particulate fraction.

Instrument Sampling Principle Main Metric Range

CPC 3007 (TSI Inc.,
Shoreview, MN, USA) Condensation nuclei counter Particle number concentration 0.010 to 1 µm

105 particles/cm3

EEPS 3090
(TSI Inc.,

Shoreview, MN, USA)

Engine Exhaust Particle
Sizer Spectrometer

Ultrafine particle size
distribution (nanoparticles)

0.0056 to 0.56 µm
32 Channels

Nanozen
(Nanozen industries Inc.,
Vancouver, BC, Canada)

Optical Particle
Counter (OPC)

Particle mass concentration
and size distribution

PM4 (0.3 to 4.3 µm
12 Channels)

Trolex Air XD
(Trolex Ltd., Hazel Grove, UK)

Optical Particle
Counter (OPC)

Particle mass concentration
and size distribution

PM10, PM4, PM2.5, PM1
(24 Channels)

GRIMM 1109
(Grimm Durag Group,
Hamburg, Germany)

Spectrometer Particle size distribution 0.0265 to 34 µm
32 Channels

2.2.2. Diesel Particulate Matter (as Elemental Carbon)

Diesel particulate matter was sampled and analyzed following the NIOSH 5040 [21]
methodology. A personal Apex 2 pump was calibrated to 2 L/min, a tygon tube, and
a 3-piece cassette were used. The sample was collected in a 37 mm quartz fibre filter
(previously cleaned in a muffle furnace at 800 ◦C for 1 h) with the support of a cellulose
pad. The sampler flow rate was checked before each sampling using a calibrated MesaLabs-
Bios-DryCal-Defender 530 and adjusted if necessary so that it was within 0.010 L/min of
the target value. It was also checked after the sample was taken. The sampling duration
was 346 min.

After collecting the sample, the filters were sent to the laboratory and analyzed with
an Organic Carbon/Elemental Carbon Analyser (OCEC). In order to completely remove all
organic carbon and turn it into carbon dioxide, samples were heated over four temperature
ramps. The flame ionization detector (FID) was used to detect the methane that results
from the reduction of this carbon dioxide. The calibration of a given amount of carbon was
then done using known amounts of methane. The amount of organic and elemental carbon
in a sample can be calculated using the laser transmission data, the response from the FID
detector, and other information. The detection limits for elemental and organic carbon (OC)
are 1 to 15 g per cm2 and 5 to 400 g per cm2, respectively. For OC and EC, lower detection
limits are in the range of 0.2 g per cm2 of a filter.

The working range for elemental and organic carbon are 0.5 to 100 µg per cm2 and 2
to 100 µg per cm2, respectively. For OC and EC, lower detection limits are in the range of
0.2 µg per cm2 of a filter.

2.2.3. Volatile Organic Compounds (VOCs)

VOCs were sampled with a personal pump, a Tygon tubing air sampling, and a Tenax®

TA sorbent tube (Markes International Ltd., Bridgend, Wales, UK).
The pump selected was the Gil Air Plus; the pump is designed to provide a stable,

controlled flow rate of approximately 20 to 5100 cc/min. All the pumps used were annually
maintained to avoid pulsations and fluctuations in the flow rate.

The sampler flow rate was checked and adjusted to (50 mL/min) before each sampling
using a calibrated MesaLabs Bios DryCal Defender 530. It was also checked after the test
was complete. The sampling time selected was 100 min. Once sampling was completed, the
Tenax® TA sorbent tube was refrigerated (temperature between 0 to 5 ◦C) and sent to the lab-
oratory for analysis. The laboratory analyzed 49 different VOCs. The limit of quantitation
(LOQ) for VOCs is 0.1 ng. A Gas Chromatograph (Agilent 5975 C), a thermal desorption



Powders 2022, 1 198

(MARKES UNITY 2), an HP-INNOWax Column, and ancillary elements were used. The pro-
cedure analyses 49 VOCs (Hexane, 2,4-Dimethylpentane, Isooctane, n-Heptane, n-Octane,
Carbon tetrachloride, 1,1,1-Trichloroethane, n-Nonane, Ethyl acetate, 2-Butanone, Benzene,
n-Dean, Trichlorethylene, 4-methyl-2-pentanone, Pinene, Tetrachloroethylene, Chloroform,
Toluene, 1,2-dichloropropane, 1,2-Dichloroethane, N-butyl acetate, n-Undecano, b-Pinene,
Ethylbenzene, p-Xylene, m-Xylene, n-Butanol, Bromodichloromethane, n-Dodecane, o-
Xylene, d-Limonene, Propilbenzene, 2-Ethiltoluene, 3-Ethiltolueno, 1,3,5-Trimethylbenzene,
Styrene, 4-Ethyltoluene, n-Tridecane, 1,2,4-Trimethylbenzene, Dibromochloromethane, 1,2,3-
Trimetilbenceno, n-Tetradecane, Nonanal, 1,2,4,5-Tetramethylbenzene, 1,4-Dichlorobenzene,
n-Pentadecane, Decanal, n-Hexadecane, Naphthalene).

2.2.4. Polycyclic Aromatic Hydrocarbons (PAHs)

PAHs were sampled with a Sven Leckel Low Volume Sampler (LVS3) calibrated at
2.3 m3/h with a PM10 inlet. The sample was collected in 47 quartz filters for 24 h. Once
collected, the samples were refrigerated and sent to the laboratory for analysis with a
gas chromatograph Shimazu GC-2010 Plus and a Shimazu GCMS-QP2010 Ultra. The
laboratory analysed 17 different PAHs (Naphthalene, Acenaphthene, Acenaphthylene,
Fluorene, Phenanthrene, Anthracene, Fluoranthene, Pyrene, Benzo(a)anthracene, Chry-
sene, Benzo(b)fluoranthene, Benzo(k)fluoranthene, Benzo(j)fluoranthene, Benzo(a)pyrene,
Indeno (1,2,3-cd)pyrene, Dibenzo(a,h)anthracene, Benzo(ghi)perylene).

2.2.5. Characterization with SEM-EDX Microscopy

Particulate matter was also collected with a Sven Leckel Low Volume Sampler (LVS3)
calibrated at 2.3 m3/h with a PM10 inlet and 47 mm PVC filters, and two SKC Leland
Legacy high flow pumps, one calibrated at 10 L/min with an FSP-10 cyclone and 37 mm
PVC filter (PM4) and the other one calibrated at 14 L/min with a GK 2.69 cyclone and
polycarbonate (PC) filter (PM1). The three selected filters characterized by electronic
microscopy had the following volumes: the 37 mm PC filter which collected PM1 material
had a volume of 3275 L, the 37 mm PVC collecting PM4 had a volume of 2359.9 litres and a
47 mm PVC for PM10 had a volume of 55,200 litres.

Filters were metallized with gold and analyzed in a Scanning Electron Microscopy
SEM (JEOL JSM-5600, JEOL Ltd., Tokyo, Japan) with built-in EDX-microanalysis. Particle
size, state of aggregation/agglomeration and elemental composition were analyzed.

2.3. Limits

In Spain, Occupational Exposure Limits (OEL) are provided by the Instituto Nacional
de Seguridad e Higiene en el Trabajo (INSST), [22]. Nevertheless, when any of the chemicals
analyzed is a carcinogen, the exposure levels must be as low as technically possible [23,24].

2.3.1. Particle Number Concentrations

A safe UFPs exposure is still debatable, and there are no standard measurement
techniques or instruments; which results in the fact that there are currently no air quality
regulations to control exposure to airborne nanoparticles. Nonetheless, the surface of
nanoparticles plays a critical role in their toxic effects. Particle concentrations in the
environment (based on number or surface) are a better metric for assessing risks of fine
particles and UFP’s than the mass-based approach that has been used in the past (and is
still used officially). UFP’s have a large surface area to volume ratio compared to the same
material in bulk [4,5].

Because there are numerous nanoparticles with varying sizes and heterogeneous
compositions, the German Institut für Arbeitsschutz proposed a benchmark concentration
level based on the PNC instead of the classic and official approach based on the mass
concentration, Table 2.
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Table 2. Nano reference values, based on the benchmark level (IFA, 2009) [25].

Description Density Benchmark Level (8-h Time-Weighted Average (TWA))

Biopersistent granular nanomaterial in
the range 1–100 nm >6000 kg/m3 20,000 particles/cm3

Biopersistent granular nanomaterial in
the range 1–100 nm <6000 kg/m3 40,000 particles/cm3

Non-bio-persistent nanomaterial in the
range 1–100 nm Applicable OEL

The OEL for respirable dust PM4 is 3 mg/m3 [22], while the legislation for environ-
mental air quality allows up to 50 µg/m3 (daily outdoors) for PM10, up to 25 µg/m3

(annual average, outdoors) for PM2.5 and up to 20 µg/m3 for PM2.5 indoor air quality.
The World Health Organization (WHO) recommended level for PM10 is 40 µg/m3 (24 h),
and 15 µg/m3 (annual average), while for PM2.5 a maximum of 20 µg/m3 (24 h) is recom-
mended [26]. There is a mass-based approach with similar legislation in most countries.

2.3.2. Diesel Particulate Matter (as Elemental Carbon)

Although having in place direct reading instruments to collect the PNC of UFPs (and
thus, the fraction of DE falling within this range), elemental carbon (EC) is recommended as
a measure of exposure to DE [21] and will be used as a reference for comparison. Organic
carbon (OC) is not preferred since other interfering elements may be present.

Since an OEL of 0.05 mg/m3, measured as elemental carbon, will be applied from 21
February 2023 [8,23], this will be the limit value taken as a reference for this study.

2.3.3. Volatile Organic Compounds (VOCs)

Table 3 shows the OEL for several VOCs. Regarding the environmental values, Total
Volatile Organic Compounds (TVOC) are generally analyzed [27]. The recommended value
of TVOC for an indoor environment is 200 µg/m3 [28,29].

Table 3. The occupational limit for VOCs INSST [22].

VOCs
OEL

(mg/m3)

n-Heptane 2085
n-Octane 1420
n-Nonane 1065
Benzene 3.25

1,2-dichloropropane 47
p-Xylene 221
n-Butanol 61
o-Xylene 221

1,3,5-Trimethylbenzene 100
Styrene 86

1,2,4-Trimethylbenzene 100
1,2,3-Trimethylbenzene 100

Nevertheless, some VOCs have no recommended safe level for being a carcinogen and
the exposure should be as low as possible. Table 4 shows the Public Health England guide
for indoor VOCs benchmark levels.
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Table 4. Indoor air quality guidelines for selected VOCs [30].

VOCs
Limit Values in µg/m3

Source
Short Term Long Term

Acetaldehyde (75-07-0) 1420 (1 h) 280 (1 day) Health Canada (2018)
α-Pinene (80-56-8) 45,000 (30 min) 4500 (1 day) EPHECT (Trantallidi et al., 2015)
Benzene (71-43-2) No recommended level of exposure World Health Organisation (2010)

D-Limonene (5989-27-5) 90,000 (30 min) 9000 (1 day) EPHECT (Trantallidi et al., 2015)
Formaldehyde (50-00-0) 100 (30 min) 10 (1 year) World Health Organisation (2010)

Naphthalene (91-20-3) - 3 (1 year) Agency for Toxic Substances &
Disease Registry (2005), USA

Styrene (100-42-5) - 850 (1 year) Health Canada (2018)
Tetrachloroethylene (127-18-4) - 40 (1 day) Health Canada (2018)

Toluene (108-88-3) 15,000 (8 h) 2300 (1 day) Health Canada (2018)
Trichloroethylene (71-01-06) No recommended level of exposure World Health Organisation (2010)
Xylenes-mixture (1330-20-7) - 100 (1 year) Health Canada (2018)

2.3.4. Polycyclic Aromatic Hydrocarbons (PAHs)

From the 17 polycyclic aromatic hydrocarbons (PAHs) analyzed, only naphthalene
has an occupational limit OEL of 53 mg/m3 [22].

The International Agency for Research on Cancer (IARC) classified the Benzo(a)pyrene
as carcinogenic to humans (Group 1), and Dibenzo(a,h)anthracene as probably carcinogenic
to humans (Group 2A). Benzo(a)anthracene, Benzo(b)fluoranthene, Benzo(j)fluoranthene,
Benzo(k)fluoranthene, Chrysene, Indeno (1,2,3-cd)pyrene are classified as possibly carcino-
genic to humans (Group 2B) [31].

3. Results and Discussion
3.1. Particles and Ultrafineparticles

On a typical day, cars start arriving at around 7:30 a.m., and the car park is full within
a few hours. There is a steady stream of vehicles throughout the day, mostly belonging to
patients, until around 2:30 p.m., when employees begin to leave.

Table 5 shows the result for PM10, PM4, PM2.5, and PM1 with the Trolex Air XD and
the Nanozen. The concentrations for those particle mass fractions are well below the legal
levels, increasing on average during rush hours. The right side of Figure 2 plots this data
statistically, showing an apparent deviation to higher mass concentrations as the particle
size range increases due to the contribution of coarse particles, not only in mass but also
in diameter.

Table 5. Particulate Matter Values for the underground parking spot.

Device Sampling Time PM1
(µg/m3)

PM 2.5
(µg/m3)

PM 4
(µg/m3)

PM 10
(µg/m3)

Trolex Air XD Average (24 h) 2.21 6.29 9.90 16.02
Trolex Air XD Average (8:00 to 15:00) 2.49 7.45 12.30 21.16

Nanozen Average (8:00 to 15:00) – – 7.1 –

The left side of Figure 2 represents PM1 concentrations for 24 h on a working day.
It can be seen that the concentration remains steady the whole day and night, with a
slight increase in the morning starting at 8:00 a.m. until 6:00 pm, corresponding to the full
working period. This is also reflected in the right plot of Figure 2, where the mean and
median in this particle range are similar since particles in the UFP barely contribute to the
mass concentration.
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Figure 3. Left: Example of ultrafine PNC evolution in the parking area (from CPC 3007). Right: 
ultrafine PSD (from EEPS 3090). 

According to Table 2, this high concentration of ultrafine particles is double the 
benchmark level and may be potentially dangerous to health. In the right part Figure 3, it 
can be seen that the majority of particles of this concentration are below 0.2 µm, with two 

Figure 3. Left: Example of ultrafine PNC evolution in the parking area (from CPC 3007). Right:
ultrafine PSD (from EEPS 3090).

According to Table 2, this high concentration of ultrafine particles is double the
benchmark level and may be potentially dangerous to health. In the right part Figure 3, it
can be seen that the majority of particles of this concentration are below 0.2 µm, with two
modes at around 0.015 µm and 0.070 µm, confirming the idea that the broadest contribution
from the air pollutants coming from the motor exhaust is within this UFP range. Further
comparison of the constituents of these samples will demonstrate whether DE is exceeding
the safe limits.

However, although the Grimm 1109 instrument shows a PSD (Figure 4—Left) where
the majority of particles lay below 0.3 µm, there is another mode around 2 µm. The time evo-
lution of one of these samples from particles between 0.265 and 0.615 µm (Figure 4—Right)
shows a constant contribution of particles from 10:30 am to 1:50 pm, peaking at around
1:30 pm, the starting time of the lunch break in Spain. PNC decreases with increasing
size. Although the Grimm 1109 instrument can measure sizes from 0.265 µm to 34 µm in
32 channels, only contributions greater than 10 particles/cm3 were plotted in Figure 4 for
clarity. Therefore, it can be seen that the number of particles above 10 µm is negligible.
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In order to get a clearer image of the PM distribution in the parking area, Figure 5—Left
shows the average mass concentration using the Grimm 1109. What is remarkable, is that
there is a large percentage of particles below 0.400 µm, which are normally present in large
numbers but have much less mass compared with coarser particles. In this case, there is
a clear peak of particles between 3 to 15 µm, peaking at the range of between 4 to 6 µm,
although some of the mass values reached are comparable to the ones achieved by particles
between 0.265 µm (the lower limit of the instrument) and 0.400 µm. This fact indicates a
large concentration of particles in the fine range, as is shown in Figure 4.
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0.265 and 0.615 µm from Grimm 1109.

The PM evolution with time (Figure 5—Right) shows a behaviour analogous to
Figure 4—Right, where the concentration was constant with time except for the peak
during the lunch break and decreased with increasing size for particles below 0.615 µm.

3.2. Diesel Particulate Matter (as Elemental Carbon)

The first sample had 0.022 mg/m3 Elemental Carbon (EC), 0.063 mg/m3 Organic
carbon (OC) and 0.085 mg/m3 Total carbon (TC). The second sample had 0.013 mg/m3

(EC), 0.069 mg/m3 (OC), and 0.085 mg/m3 (TC). Both samples are below the limit value
proposed for 2023.
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3.3. Volatile Organic Compounds (VOCs)

Table 6 shows the 13 VOCs detected in the hospital parking. The other 36 VOCs were
in quantities below the laboratory limit of detection.

Table 6. Shows the 13 VOCs detected in the hospital parking.

VOCs µg/m3

n-Heptane 2.73
Benzene 2.5

Ethylbenzene 2.44
p-Xylene 1.4
m-Xylene 2.32

n-Dodecane 0.61
o-Xylene 2.32

1,3,5-Trimethylbenzene 0.79
Styrene 1.05

n-Tridecane 1.83
1,2,4-Trimethylbenzene 3

n-Pentadecane 1.8
n-Hexadecane 1.07

3.4. Polycyclic Aromatic Hydrocarbons (PAHs)

The 17 different PAHs analyzed in five samples were all below the laboratory detec-
tion limit.

3.5. SEM-EDX Microscopy

In the PC filter collecting PM1 (Figure 6—Left), only a few coarse agglomerates or
particles were found, carbon and oxygen being the main components in their composition,
together with traces of Silica and other metals such as Mg, Al, Fe in portions ranging
from 2–10%.

In the PVC filters multiple clusters of regular nanoparticles of sizes between 30–60 nm
were found. Although the characterization of such nanoparticles was not easy because
of the EDX resolution, it was found that the main elements detected in the PVC filter,
collecting PM4 (Figure 6—Center), were: carbon (55% average), oxygen (15% average),
chlorine (13% average) and metals such as Na, Al, Ca, Fe, Cu, Zn in rates below 1.5% on
average, except for the iron, which had a presence of over 5%.

In the PVC filter collecting PM10 (Figure 6—Right), carbon and oxygen were identified
at the same rates as the previous PVC filter, but only silica and iron (10% average each)
were found.
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4. Conclusions

Particulate matter levels were evaluated using direct-reading devices in a hospital
underground parking facility. Although there is still no legislation in Spain regarding the
levels of nanoparticles, according to the German reference levels (IFA, 2009), for amounts
more significant than 40,000 particles/cm3, there may be a health risk. In the hospital car
park, an average of 80,000 particles/cm3 was found with two modes at the UFP size range
of 0.015 µm and 0.070 µm.

The classic (and official) mass concentration average approach states a value of
3 mg/m3 for occupational respirable dust levels. Compared with this, the average res-
pirable dust levels measured in the car park PM4 (12.3 µg/m3), stands out as a much
lower value. The PM2.5 levels in the car park (6.29 µg/m3 24 h) are also below the WHO
recommendation (20 µg/m3 24 h). However, the UFPs’ concentration is double the bench-
mark level, which indicates a potential risk. Since most of the fraction of the diesel fumes,
a group 1 human carcinogen substance, falls into the UFP size region, and will soon be
regulated, it was also monitored. Diesel particulate matter levels measured as elemental
carbon were found at around 35% of the OEL. From the 49 VOCs analyzed, only 13 were
detected in quantities below 0.1% of the OEL. Nevertheless, some of the VOCs are classified
as carcinogenic substances, and the exposure levels must be as low as is technically possible.
The 17 different PAHs analyzed in five samples were all below the laboratory detection
limit. Microscopy characterization detected large amounts of agglomerates of UFPs, mostly
made of carbon, silica, chloride and metals, in proportions that could confirm that some of
them belong to DE.

Even though the levels of all pollutants analyzed were well within current legislation
standards for air quality, it is recommended that people spend the minimum amount of
time possible in the car park and avoid using the car park as a waiting area. It is also
recommended with some urgency, that the ventilation system be improved, not only when
the CO levels are exceeded, but also by placing a fine or ultrafine particle monitoring
system for activating ventilation systems when exceeding the benchmark level. Other
additional measures that can be considered are allowing only cars with eco-stickers O, Eco,
B & C in the underground car park (vehicles with low emissions).
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