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Abstract. The use of cabin filters provides protection for passengers against outdoor pollution caused by parti-
cles (aerosols) when travelling by car. Their filtration efficiency is assessed through rigorous laboratory studies
in accordance with standards. However, there are few or no comparable studies conducted under real road con-
ditions using reference particle measurements to complement the laboratory results. In this context, our study
aims to contribute to the improvement of on-road aerosol measurement by evaluating cabin filters with gravi-
metric measurements. To this end, a sampling line upstream of the cabin filter in an area located under the
windscreen and a sampling point downstream of the cabin filter on the front seat inside the cabin were designed.
The sampling efficiency of the line was calculated using a transdisciplinary work involving computational fluid
dynamics, wind tunnel measurements, and numerical methods. The results showed that its sampling efficiency
for PM1 and PM2.5 (i.e. particles with an aerodynamic diameter of less than 1 and 2.5 µm, respectively) is greater
than 94 % and 77 %, respectively. Next, on-road tests were carried out in a moving car in the Paris region for
two different cabin filters and during tests without a cabin filter. The average filtration efficiency was 54.4 %
(n= 15), 52.7 % (n= 14), and 9.5 % (n= 4) for PM1 and 57.6 % (n= 9), 56 % (n= 9), and 32.0 % (n= 4) for
PM2.5, respectively, for filter A and filter B and without a cabin filter. Lastly, optical counters were simultane-
ously operated with gravimetric measurements. The results showed that optical counters underestimate the mass
concentration of PM2.5, highlighting the importance of using a reference method to measure the particles under
real road conditions.

1 Introduction

Exposure to air pollution results from the accumulation of
specific exposure situations that occur in the different envi-
ronments an individual frequents during the day. In outdoor
urban environments, air quality monitoring networks contin-
uously monitor concentrations of regulated pollutants. The
measurements made so far have shown a high frequency of
exceeding the WHO health protection threshold values, es-
pecially for airborne particulate matter (European Environ-
ment Agency, 2024b). Literature now acknowledges the cen-
tral role of repeated exposure to fine particles in the devel-
opment and exacerbation of chronic respiratory and cardio-
vascular diseases, which can result in premature death (Gan

et al., 2011; Sinharay et al., 2018; Zhang et al., 2024). Such
high levels are particularly observed in the vicinity of road
traffic as traffic is the third-largest source of PM2.5 emissions
in Europe, especially its black-carbon fraction (Dons et al.,
2013; European Environment Agency, 2024a).

Travelling by car can account for a significant portion of
the time spent near vehicle emissions. Using a cabin filter
(i.e. filter between outside and the cabin car) in combination
with a ventilation system (i.e. HVAC system) can improve
indoor air quality and reduce passenger exposure (Heo et al.,
2019). However, cabin filters do not all have the same filtra-
tion properties, depending on their characteristics (e.g. mate-
rials, fibre sizes) (Robert et al., 2023; Xu et al., 2011). Their
performance is therefore evaluated on laboratory test benches
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(Wang et al., 2024) according to standards (DIN 71460-1,
2006; ISO 12103-1, 2024; ISO/TS 11155-1, 2001).

However, cabin filters are used on the road under condi-
tions that differ from those in a laboratory, e.g. the typology
of the environment (rural or urban), the weather conditions
(temperature, humidity), the traffic (vehicle speed), the ven-
tilation (on or off), and the composition of particles (Alves et
al., 2020; Amato et al., 2011; Xu et al., 2018). These param-
eters can affect the performance of cabin filters and impact
indoor air quality. For example, laboratory tests have shown
that the efficiency of a cabin filter can vary depending on the
relative humidity and types of particles encountered, such as
dust and soot (He et al., 2016). Therefore, there is a need
to conduct on-road measurements to complement laboratory
studies. However, a reliable measurement methodology must
first be developed as there is currently no standard for this.

A reference method for measuring PM10 (i.e. particles
with an aerodynamic diameter of less than 10 µm) in situ is
gravimetry (NF EN 12341, 2023). The gravimetric method
can be expensive and unwieldy, making it difficult to in-
stall. To determine the mass concentration of particles in the
air, the particles are collected on a substrate, such as a fil-
ter, which is weighed in a controlled environment (regarding
temperature and humidity) using a precision scale. A suffi-
cient mass of particles must be collected for their total weight
to exceed the detection limit. This requires the use of bulky
pumps in the car to maximise collection. This may explain
why only a few studies have implemented gravimetry in a
moving car (Greenwald et al., 2014; Kam et al., 2012; Shir-
mohammadi et al., 2017). To the best of our knowledge, none
of these studies evaluated the performance of cabin filters.
Conducting this kind of study is particularly challenging as
two devices need to be installed: one upstream and one down-
stream of the cabin filter. The filtration efficiency of the cabin
filters on-road was assessed by real-time measurement meth-
ods, such as optical particle counters (OPCs) or sensors (Heo
et al., 2022; Lee and Zhu, 2014; Liu et al., 2011; Qi et al.,
2008; Wei et al., 2020; Yin et al., 2023). Sensors and, more
generally, OPCs are easy to set up, take up little space, and
provide real-time measurements of several particle sizes si-
multaneously. Nonetheless, the OPCs cannot measure the ab-
solute mass concentration of particles correctly because (i)
they are calibrated with standard particles (e.g. spherical la-
tex particles), (ii) they cannot measure the smallest particles
(they have a detection limit), and (iii) they make approxima-
tions (measured particles are spherical and have a constant
density). This is why it is important to use a reference method
to improve on-road aerosol measurements.

Following these observations, the Informal Working
Group on Vehicle Interior Air Quality (IWG VIAQ) – set up
by the Working Party on Pollution and Energy (GRPE) – pro-
posed the development of harmonised test procedures to ad-
dress air pollution and interior air-cleaning efficiency under
real road conditions (GRPE-70-09-Rev.1, 2015; GRPE-81-
09, 2020). In line with the IWG, our study aims to contribute

to the development of a methodology for measuring aerosols
on the road using a reference method. Specifically, we fo-
cused on the filtration of aerosols in the vehicle with cabin fil-
ters. We conducted measurements upstream and downstream
of a cabin filter. The novelty of this study lies in the design of
a sampling line in the scuttle of the car to measure particles
upstream of the cabin filter using gravimetric measurements.
We also conducted long-duration sampling (up to 6 h) on the
road, collecting samples at a rate of 30 L min−1 using pumps
positioned in the boot. This allowed us to collect sufficient
particles to evaluate the cabin filters. Two OPCs were also
used in parallel with the gravimetric measurements in order
to assess their reliability by comparing the two methods.

This paper presents (i) the evaluation of the sampling ef-
ficiency of the upstream line (Sect. 3.2), (ii) the collection
of the experimental data (Sect. 3.3), (iii) the comparison be-
tween the optical and gravimetric measurements (Sect. 3.4),
and (iv) the results of filtration efficiency for two cabin filters
(Sect. 3.5).

2 Strategy for particle collection

The approach presented here consists of equipping a vehicle
for sampling the air on filters for gravimetric measurements
upstream and downstream of a cabin filter on the road. The
chosen vehicle is a sport utility vehicle. The following para-
graphs detail the strategy for collecting particles.

2.1 Determination of the cabin filter efficiency

The aerosol filtration efficiency of a media filter (η) is de-
fined by considering two sampling points, as shown in Eq. (1)
(Hinds, 2011):

η = 1−
Cdownstream

Cupstream
= 1−

Ccabin

Cscuttle
, (1)

where Ccabin is the aerosol mass concentration measured in
the cabin downstream of the cabin filter (Cdownstream), and
Cscuttle is the aerosol mass concentration measured in the
scuttle upstream of the cabin filter (Cupstream). The sampling
points will be described below.

The PM10 DEKATI® cascade impactor was chosen for
the gravimetric measurements because it enables the filtra-
tion efficiency of cabin filters to be estimated simultane-
ously for several aerosol fractions (PM1, PM2.5, PM10) and
is small enough to be transported by car. Aerosol sampling
was carried out simultaneously in the cabin and the scut-
tle using two cascade impactors, each equipped with four
quartz filters. These were operated with a diaphragm pump
(QB1, Dadolab) at a flow rate of 30 L min−1. The impactors
collect size-fractionated aerosol: the fractions 1–2.5, 2.5–10,
and > 10 µm (on quartz filters, Pall, 25 mm) and the fraction
< 1 µm (on quartz filters, Whatman, 47 mm).

The aerosol mass concentration was determined by mea-
suring the particle mass sampled on filters by the cascade
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impactors. Quartz filters were pre-weighed and post-weighed
with a Mettler Microbalance (Mettler Toledo XPR-2), which
has an accuracy of 1 µg, after equilibrating for 24 h, in a room
with controlled temperature and relative humidity (between
19 and 21 °C, with a relative humidity between 45 % and
50 %) according to standard NF EN 12341 2014. A generator
for anti-static electricity was also used systematically during
each weighing operation.

In parallel, two OPCs were used in the cabin and in the
scuttle: (a) a GRIMM (Dust Monitor 1.108, Grimm Aerosol
Technik) with mass distribution in cumulative mode for op-
tical diameters between > 0.23 and > 20 µm (16 channels in
total) and a flow rate of 1.2 L min−1 and (b) a DUSTTRAK 2
(Aerosol Monitor 8532, TSI®) with mass collection of PM2.5
(0.3–2.5 µm) and a flow rate of 3 L min−1. For illustrative
purposes, we sampled particles in-cabin with the Mini Par-
ticle Sampler® (MPS) (Ecomesure) (R’mili et al., 2013) on
a transmission electron microscopy (TEM) grid with a flow
rate of 0.3 L min−1 for 2–5 min. Then we analysed the grids
using a JEOL JEM 1400 Plus transmission electron micro-
scope to produce images and used the energy-dispersive X-
ray (EDX) technique to determine the elemental composition
of the particles.

2.2 Choice of the downstream sampling point

The downstream sampling point in the cabin was located
downstream of the cabin filter in an area representative of
passenger exposure at the respiratory level of the front-seat
passenger. However, this sampling point is still far from the
cabin filter. In the cabin, air dilution and air infiltration and
exchange can occur (Harik et al., 2017). Consequently, parti-
cle concentrations at this point may be lower than just down-
stream of the cabin filter.

To determine whether this point could still be used for
measurement downstream of the cabin filter, we relied on the
literature. Grossmith et al. (2005) measured nitric oxide (NO)
on the road at two sampling points: one at the front passen-
ger seat level in the cabin and the other at the vehicle air inlet,
closer to the cabin filter. The results showed that, over a suf-
ficiently long period, both measurements provide the same
NO concentration at the air inlet and in the cabin. Figure 1
(adapted from the report of Grossmith et al., 2005) represents
the temporal evolution of the NO concentration measured si-
multaneously at the vehicle air inlet and in the cabin during a
pollution episode. Two phenomena are observed: a “protec-
tion” period during which the NO concentration in the cabin
is lower than at the air inlet and a “remanence” period when
the NO concentration in the cabin persists even after the end
of NO injection. Integrating the two peaks reveals an identi-
cal surface area, indicating that both measuring points were
exposed to the same amount of pollutant throughout the mea-
surement period. By analogy with NO, we expect the parti-
cles to behave in the same way and to be subject to the same
dilution effect. The integration time of the cascade impactor

is much longer (a few hours) than that shown in Fig. 1 (a few
minutes). This ensures that almost all of the particles enter-
ing the cabin are measured. Therefore, the cabin sampling
point enables the measurement of particles downstream of
the cabin filter.

We also consider it to be the case that potential infiltration
and dilution in the cabin would only have a minor impact on
the measurement. Infiltration depends mainly on the size of
the crack between doors and frames (Xu et al., 2010). Newer
cars have better insulation and thus experience less infiltra-
tion of particles into the cabin (Fruin et al., 2011; Knibbs
et al., 2010). The vehicle used for our tests was less than 2
years old. In addition, although ultrafine particles may infil-
trate during an on-road trip, the literature shows that, at a
medium fan setting, this infiltration is unaffected by driving
speed (Lee et al., 2015). Therefore, by selecting this fan set-
ting (see Sect. 2.3.2), we can assume that the contribution of
ultrafine particles will be consistent across all tests, ensuring
comparability. Furthermore, they contribute only slightly to
the mass of the collected particles. Consequently, we assume
that the downstream sampling point at the respiratory level is
valid for evaluating cabin filters.

Regarding the project setup, we installed the DEKATI cas-
cade impactor and the GRIMM OPC on a wooden structure
positioned in place of the front seat (Fig. 2). No sampling
line was used for both instruments. The inlets of the instru-
ments were positioned at the respiratory level of a traveller.
The DEKATI inlet was positioned higher than the GRIMM
inlet to avoid interference between the two measurements.
The diaphragm pump was connected to the cascade impactor
and placed in the boot to avoid noise nuisance.

2.3 Choice of the upstream sampling point

2.3.1 Design of sampling lines

To collect the particles upstream of the cabin filter, sampling
lines were necessary to transfer the particles to the measuring
instruments in the cabin (i.e. the cascade impactor DEKATI
and the OPC GRIMM). There are two possible locations for
the implementation of lines upstream of the cabin filter: on
the outside of the vehicle or in the bonnet. The former offers
the opportunity to collect data in traffic conditions. How-
ever, particles collected on the outside will not necessarily
enter the bonnet until they reach the cabin filter. In addi-
tion, implementing lines implies that there will be particle
losses during collection, which depend heavily on particle
size. Larger particles are primarily affected by gravitational
and inertial forces, whereas smaller particles are mainly af-
fected by diffusional forces. These losses can occur during
the inlet phase, when particles are drawn into the line, and
during the transport phase, when particles pass through the
line to the measuring instrument. When designing sampling
lines, the challenge is to avoid these losses and to collect
a representative sample, i.e. one whose characteristics (e.g.
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Figure 1. Time evolution of NO concentration at the air intake point and in the cabin (adapted from the report of Grossmith et al., 2005).

Figure 2. Installation of the instruments in the cabin. Left: photo.
Right: scheme.

particle concentration and size distribution) remain consis-
tent between the sampled area and the measuring instrument.
To collect a representative sample during the inlet phase, the
sampling must be isokinetic (i.e. the velocities of the sampled
and sampling streams are equal) and isoaxial (i.e. the inlets
are positioned directly in the sampled stream) (Brockmann,
2011). In urban areas, traffic jams make it impossible to con-
trol the speed of vehicles. Therefore, isokinetic sampling in
a traffic-congested situation requires either the design of an
isokinetic probe (Heo et al., 2018) or the collection of parti-
cles in an area protected from speed fluctuations. The bonnet
appears to be an area that is protected from wind fluctuations,

Figure 3. Scheme of the scuttle. The cabin air intake is located at
the base of the windshield. It is then channelled to the cabin fil-
ter and the air conditioner before being distributed throughout the
cabin.

and it is the area that is closest to the cabin filter. For these
two reasons, we chose to place the measurement point in the
bonnet as close to the cabin filter as possible in an area known
as the “scuttle” (Fig. 3).

The scuttle is covered by a grid containing a closed section
and an open section (Fig. 4). Air enters the scuttle through
the open part of the grid and then passes through the “air in-
let”. We placed the inlets of the sampling line under the open
section of the grid to face the wind. We drilled the scuttle to
allow the sampling line to pass through it.

The sampling lines were designed following the rec-
ommendations of the literature (Brockmann, 2011), as de-
scribed:

– Sampling lines should be as short as possible, with a
constant diameter, to limit losses during transport.
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Figure 4. Photo of the scuttle. The grid was removed from the scut-
tle and placed on the bonnet for the photo.

Figure 5. Installation of the sampling lines for the sampling up-
stream of the cabin filter. On the left: CAD of the line in the scuttle
connected to the DEKATI in the cabin. On the right: picture of the
installation of DEKATI and GRIMM in the cabin.

– Line diameters should be close to 1 cm to minimise de-
position during the inlet phase.

– Sampling lines should be made of a special particulate
sampling material (TSI, conductive silicone tubing for
particle transport) to minimise possible electrostatic ef-
fects.

The parameters of the upstream sampling lines are listed
in Table 1.

Figure 5 is a photo of the installation of the measuring
instruments with the sampling lines in the cabin. Instruments
were placed on a wooden structure on the floor. Sampling
lines bend between the instruments and the location of the
glove box to enter the scuttle. We removed the glove box
to flatten the bend and limit particle losses during transport
through the sampling lines.

Following the installation of the sampling lines, two pa-
rameters remained unknown:

– whether the isokinetic conditions were respected in the
scuttle

– whether the line inlets sampled air directly from outside
or from a recirculation zone in the scuttle.

Moreover, the sampling lines were not completely straight,
forming a bend between the scuttle and the cabin (Fig. 5),
which can lead to particle losses during the transport phase.

In order to determine the impact of these parameters on the
sampling of PM1, PM2.5, and PM10, we needed to establish
the sampling efficiency of these three fractions. The sampling
efficiency of the sampling lines can be calculated using the
Eq. (2) (Brockmann, 2011):

ηsampling = ηinletηtransport, (2)

where ηsampling is the overall efficiency of the sampling lines,
ηinlet is the inlet efficiency calculated with the sampling pa-
rameters (e.g. the wind velocity, the aspiration angle), and
ηtransport is the transport efficiency calculated with the tubing
parameters (e.g. the length, the diameter of the lines). The
closer the sampling efficiency is to 1, the more representa-
tive the sample is. The sampling efficiency is calculated us-
ing multiple equations defined in the literature for calculating
the inlet and transport efficiencies. This process can be time-
consuming and prone to error. For this reason, we decided to
consider the PLC software developed by von der Weiden et
al. (2009), which combines the theoretical and empirical for-
mulas established in the literature to estimate the sampling
efficiency of a sampling line for multiple particle sizes.

Using this software requires determining all of the input
data, i.e. the wind velocity and the airflow trajectory in the
scuttle. The source of the sampled air (i.e. whether it is from
outside the scuttle or from a recirculation area) also needs to
be determined. A study of the scuttle was carried out to deter-
mine the missing input parameters using physical measure-
ments (wind tunnel tests) and numerical simulations (CFD
calculations, i.e. computational fluid dynamics calculations).

2.3.2 Aerodynamic characterisation of the scuttle

The objectives of the wind tunnel tests were (a) to identify
the wind velocity in the scuttle and (b) to determine if it can
be stable under certain conditions, which would allow us to
control the sampling parameters.

Wind velocity was studied in the Jules Verne wind tunnel
at the CSTB (Centre Scientifique et Technique du Bâtiment)
in Nantes, France. Measuring 6000 m2, the wind tunnel is
used to study the dynamic and static behaviours of vehicles.
It is equipped with six fans that produce airflow through four
channels. Tests were conducted in the scuttle under the open
part of the grid (Fig. 4) at various car speeds (0, 30, 80, and
130 km h−1) and fan settings (fan speed levels). The fan air-
flow rate was set from “setting 0” (no ventilation) to “setting
4” (maximum airflow rate). For each configuration (one ve-
hicle speed and one fan setting), the wind velocity was mea-
sured in the scuttle.

Figure 6 shows the evolution of wind velocity in the scuttle
below the open section of the grid as a function of car speed
and according to the five fan settings. This graph shows that
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Table 1. The parameters of the sampling lines.

Parameters DEKATI (Gravimetry) GRIMM (Optic)

Flow rate 30 L min−1 1.2 L min−1

Inner diameter 8 mm 8 mm
Bend One bend of 20 cm and a straight line One bend of 27 cm and a straight line
Lines length 65.5 cm 81.5 cm

Figure 6. Evolution of car speed according to wind velocity in the scuttle and five fan settings (fan speed levels).

(i) wind velocity in the scuttle depends directly on the fan set-
ting and (ii) wind velocity remains stable at speeds between
0 and 80 km h−1 for fan settings 2 and 3. Therefore, for the
tests, we selected setting 2 due to its stability. We therefore
used an average wind velocity of 1.84 m s−1 (the average of
the three wind velocities measured in the scuttle at setting
2 between 0 and 80 km h−1) as input for the PLC software.
This selection limits the car speed to velocities between 0 and
80 km h−1 during field trials.

The objectives of the CFD calculations were twofold: (i)
to determine the trajectories of the airflow in the scuttle to
verify that the line inlets face the wind (i.e. that sampling is
isoaxial) and that the sample air comes directly from outside
by determining the trajectories of the airflow in the scuttle
and (ii) to determine the wind velocity numerically as a func-
tion of the fan setting.

CFD calculations were used to study the speed and trajec-
tories of the airflow. CFD enables the simulation of fluid flow
in an environment using a code that incorporates the laws of
fluid mechanics (Navier–Stokes equations).

CFD calculations were performed using PowerFLOW
Simulia software, which is used in the transport industry.
This software can estimate speed fluctuations, for example,
in an HVAC system. The scuttle was simulated using 12 lev-
els of resolution and a fine mesh (with a maximum mesh
size of 0.325 mm). Four configurations were simulated in the
scuttle (Fig. 4): (a) a car travelling at 30 km h−1 with fan set-

ting 1, (b) a car travelling at 80 km h−1 with fan setting 1, (c)
a car travelling at 30 km h−1 with fan setting 2, and (d) a car
travelling at 80 km h−1 with fan setting 2. The air flow rate
is 110 kg h−1 at fan setting 1 and 220 kg h−1 at fan setting
2. A line was simulated in the area below the open part of
the grid to represent the inlets of the DEKATI and GRIMM
sampling-line inlets (Fig. 4).

Based on the simulations of the different configurations,
wind velocities in configurations (a) and (b) are of the same
order of magnitude (Fig. 7). The same was observed for con-
figurations (c) and (d), with wind velocities greater than those
for configurations (a) and (b). Therefore, wind velocity de-
pends on the fan setting rather than the speed of the car (be-
tween 30 and 80 km h−1). These results are consistent with
those obtained in the wind tunnel, where similar observa-
tions were made. The wind velocities obtained through CFD
calculations are of the same order of magnitude as the wind
tunnel measurement results, with a maximum air velocity of
2 m s−1 versus 1.43 m s−1 at setting 1 according to CFD cal-
culations and wind tunnel measurements, respectively, and
a maximum air velocity of 3 and 1.9 m s−1 at setting 2 ac-
cording to CFD calculations and wind tunnel measurements,
respectively.

According to the airflow trajectories simulated by CFD
calculations, the sampling location is not in a recirculation
zone. This means that the air sampled here comes directly
from outside. At this point, the inlets of the DEKATI and
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Figure 7. Airflow in the scuttle (view from top) for (a) fan setting 1 and a wind speed of 30 km h−1, (b) fan setting 1 and a wind speed of
80 km h−1, (c) fan setting 2 and a wind speed of 30 km h−1, and (d) fan setting 2 and a wind speed of 80 km h−1.

GRIMM lines can face the wind at an angle of 0°. The aspi-
ration angle of the air at 0° was used as input data in the PLC
software.

3 Results

In this section, we present some images of particles en-
countered on the road (Sect. 3.1) to illustrate what we sam-
pled. For the evaluation of cabin filter performance, we fo-
cused on the DEKATI line as gravimetric measurements
were preferred to obtain reliable results. First, we analysed
its sampling efficiency (Sect. 3.2), and then we presented
the sampling test in a moving car (Sect. 3.3). Next, we con-
ducted a comparative analysis of the mass concentration of
aerosols sampled simultaneously by DEKATI and the OPCs
(Sect. 3.4) to evaluate the optical measurements. Finally, we
assessed the filtration efficiency of cabin filters under real
road conditions using DEKATI measurements (Sect. 3.5).

3.1 Illustration of particles encountered on the road

Figure 8 shows two images of particles sampled on TEM
grids in the cabin and on the road with two different levels
of zoom (10 µm in the left picture and 2 µm in the right pic-
ture). A dozen grids were analysed in total. The main species
present on all grids were soot, foam-like particles, and black
spots. Microscope analysis of particles in other road environ-
ments has also revealed the presence of these species (China
et al., 2014; Hou et al., 2018; Xing et al., 2019). Soot was the

predominant species on all of the grids (example on Fig. 8
left). They are composed solely of carbon and present as ag-
gregates. The foam-like particles appear as light spots and
are sensitive to the microscope beam, decomposing rapidly
during analysis. The black spots are mainly composed of
iron oxide, chromium, nickel, titanium, sulfur, potassium,
and calcium.

3.2 Assessment of the sampling lines

The sampling efficiency (i.e. inlet and transport efficiency) of
the lines in the scuttle was evaluated. The efficiency was cal-
culated using PLC software and plotted as a function of par-
ticle aerodynamic diameter in Fig. 9. It shows that (i) above
0.2 µm, the sampling efficiency is slightly greater with the
GRIMM than with the DEKATI, and (ii) the efficiency of the
two sampling lines drops strongly around 1 µm for DEKATI
and around 2 µm for GRIMM, with a decrease of half around
4 µm for DEKATI against 9 µm for the GRIMM.

Regarding the fractions of PM1, PM2.5, and PM10 in par-
ticular, we considered it to be the case that the DEKATI line
allows a quantitative sampling of PM1, a satisfactory sam-
pling of PM2.5 (at 2.5 µm, the efficiency is 77 %), and an in-
complete sampling of PM10 (since the efficiency drops from
77 % to 0 % between 2.5 and 10 µm). Therefore, we consid-
ered the tests to be valid only for evaluating the PM1 and
PM2.5 filtration under real road conditions.
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Figure 8. Illustration of particles on a TEM grid sampled in the cabin and on the road. On the left: with a scale of 10 µm. On the right: with
a scale of 2 µm.

Figure 9. Sampling efficiency as a function of the particle diameter for the DEKATI and the GRIMM sampling lines set up in the scuttle.

3.3 Collection of experimental data

The vehicle, as described in Sect. 2, was used in two field
campaigns in the Paris urban area in France. The first cam-
paign took place in winter in February 2019 (in Paris and
on the A86 freeway), and the second took place in summer
in June–July 2019 (on the A86 freeway only), on weekdays
only. All measurements were conducted under real driving
conditions, at a maximum speed of 80 km h−1, with venti-
lation set to level 2 and the windows closed. There were
two to three passengers in the car during each test. During
the winter campaign, the HVAC system in the car was set
to 21 °C. The relative humidity was not measured. During
the summer campaign, the air conditioning was switched on.
The temperature and relative humidity were measured using

a sensor. The average temperature was 28.1± 2.1 °C, with an
average relative humidity of 37.3± 4.4 %. Gravimetric mea-
surements were implemented in three configurations dedi-
cated to evaluating the PM1 and PM2.5 filtration efficiency
of two cabin filters labelled A and B, as well as in a situation
without a cabin filter. The two cabin filters were new at the
start of the first campaign and remained unchanged through-
out the subsequent two campaigns. Two DEKATI samples
were collected each day around 08:00 and 13:00 (sampling
start times; UTC+1 for the first campaign, UTC+2 for the
second campaign) for a period of 3 h. After the first cam-
paign, we noticed that the mass of the indoor 1–2.5 µm frac-
tion was sometimes below the limit of detection (LoD) for
weighing. Therefore, in the second campaign, the DEKATI
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filter for this fraction was changed after a longer sampling
duration (i.e. after 6 h sampling instead of 3 h).

The sampling efficiency was calculated when both the in-
scuttle and indoor measurements were above the LoD simul-
taneously (European Commission, 2013). On the first day of
the first and second campaigns, one sample was discarded be-
cause the indoor particle concentration was higher than the
in-scuttle concentration. We assume that particles accumu-
lated in the cabin between the two campaigns because the
vehicle was not used. In total, the filtration efficiency of PM1
was determined 15 and 14 times for filters A and B, respec-
tively, and 4 times in the case without a filter. The filtration
efficiency of PM2.5 was determined nine times for both filters
A and B and four times in the case without a filter. The num-
ber of sampling periods, the resulting usable tests, and the
situations allowing filtration efficiency calculation are sum-
marised in Table 2 (for PM1) and Table 3 (for PM2.5), to-
gether with the associated sampling durations.

3.4 Comparison of gravimetric and optical
measurements

The first step in processing the data was to compare the gravi-
metric and optical measurements. The aim is to identify a po-
tential relationship between the measurements, which could
pave the way for using an OPC (easier to use) to access the
actual mass concentrations upstream and downstream of the
filter. We considered the measurements on the same time
step, averaging the OPC data over the DEKATI sampling in-
tervals.

Out of the 33 sampling periods across the two campaigns,
48 PM2.5 measurements (both indoor and in the scuttle)
could be used to compare the two approaches (Tables 2 and
3). Of these, 31 were carried out during campaign 1, and 17
were carried out during campaign 2. The correlation matrix
(Fig. 10) shows, at the intersection of the columns and rows,
the following: (i) for two different devices, the correlations
graphs (see Fig. 10b, c, and f) and their statistical parame-
ters (see Fig. 10d, g, and h) for a given campaign and (ii) the
distribution of data per campaign for the same device (see
Fig. 10a, e, and i). The first campaign is shown in blue, and
the second is shown in yellow.

As for GRIMM and DUSTTRAK, the regressions shown
in Fig. 10f are statistically relevant, with a Pearson’s cor-
relation (r) around 0.9 and an associated significance level
of p< 0.001 (Fig. 10h). The regression slopes are 0.7 and
0.9 for campaigns 1 and 2, respectively. However, the confi-
dence envelopes associated with the regressions of each cam-
paign overlap almost completely, indicating a highly repro-
ducible correlation between the two devices over time. The
difference between the two regressions could be attributed to
the reduced concentration range of campaign 2 compared to
that of campaign 1. Indeed, as the least-squares regression is
sensitive to extreme values, the slopes differ slightly. As the

two OPCs present a proportional signal, only the GRIMM–
gravimetry comparison is studied here (Fig. 10b).

Figure 10b shows that a linear relationship can be derived
between the concentration data obtained from DEKATI and
GRIMM for each campaign. For both time periods, the Pear-
son’s r coefficient (Fig. 10d) is greater than 0.8 and is as-
sociated with a p< 0.001 significance level. However, the
parameters of the relationship (slope and intercepts) differ
significantly between the two campaigns. Since this finding
could not be attributed to the instrument settings (calibration
was checked before each campaign), we hypothesised that
the biases induced by the optical methods used to calculate
PM2.5 mass concentrations varied according to the specifici-
ties of the sample. These biases could be due to changes in
the composition of the particles, which affected their refrac-
tive index and density, and ultimately the conversion factor
between number and mass concentrations. In our case, the
change in season between campaigns is likely to have an im-
pact on the nature of the sampled particles, for example, with
a predominance of particles from heating in winter and more
biogenic organic aerosols in summer (Favez et al., 2021;
Zareba et al., 2024). If there were a purely affine relation-
ship between optical particle size measurement (OPS) and
gravimetry without intersection, it would be possible to use
optical methods to evaluate filtration efficiency. However, the
statistically significant, season-dependent bias between the
gravimetric and optical methods in this study is incompatible
with an accurate assessment of filtration efficiency under real
road conditions.

3.5 Application of the gravimetric measurements on the
road on two cabin filters

After validating the gravimetric measurements, we pro-
ceeded to the indoor and in-scuttle data for each configura-
tion (i.e. filter A, filter B, no filter) from the DEKATI mea-
surements. The distribution of 1− Ccabin

Cscuttle
(Eq. 1) for PM1

and PM2.5 was plotted for each configuration as boxplots in
Fig. 11. These distributions document an initial cabin filter
efficiency under real road conditions for filters A and B and
provide information on the fraction of unavoidable particle
reduction as they pass from the scuttle to the cabin, as well
as measures uncertainties, for the tests without a cabin filter.
The results allowed us to make several observations.

For the configuration without a cabin filter, the low-
est value of 1− Ccabin

Cscuttle
is −16 %. This value seems sur-

prising. It can be explained by non-significant differences
in PM1 CCabin and CScuttle, with the following average
concentrations and uncertainties: 16.6± 1.7 µg m−3 versus
14.3± 1.6 µg m−3, respectively. Without a cabin filter, the
mass of particles in the cabin increased to a level compa-
rable to that in the scuttle. The other values are higher than
0 % and reach a maximum of 26 % for PM1 and of 42 % for
PM2.5. These values do not overlap with the filtration effi-
ciency of filters A and B, except for one value for PM1 and
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Table 2. Summary of the number of PM1 samples collected above the LoD in the vehicle (indoor) and in the scuttle, alongside the associated
sampling duration and the number of situations in which filtration efficiency could be calculated.

PM1: summary of the DEKATI data (with
sampling duration) >LoD

Field campaign no. 1 Field campaign no. 2

Indoor In-scuttle Filtration Indoor In-scuttle Filtration Total number of situations
efficiency efficiency allowing filtration

efficiency calculation

Filter A 6 (3 h) 6 (3 h) 6 (3 h) 9 (3 h) 9 (3 h) 9 (3 h) 15
Filter B 7 (3 h) 7 (3 h) 7 (3 h) 7 (3 h) 7 (3 h) 7 (3 h) 14
Without filter 4 (3 h) 4 (3 h) 4 (3 h) – – – 4

Total 17 17 17 16 16 16

Table 3. Summary of the number of PM2.5 samples collected above the LoD in the vehicle (indoor) and in the scuttle, alongside the associated
sampling duration and the number of situations in which filtration efficiency could be calculated.

PM2.5: summary of the DEKATI data (with
sampling duration) >LoD

Field campaign no. 1 Field campaign no. 2

Indoor In-scuttle Filtration Indoor In-scuttle Filtration Total number of situations
efficiency efficiency allowing filtration

efficiency calculation

Filter A 5 (3 h) 6 (3 h) 5 (3 h) 4 (6 h) 5 (6 h) 4 (6 h) 9

Filter B 5 (3 h) 7 (3 h) 5 (3 h) 1 (3 h) 1 (3 h) 1 (3 h) 9
3 (6 h) 3 (6 h) 3 (6 h)

Without filter 4 (3 h) 4 (3 h) 4 (3 h) – – – 4

Total 14 17 14 8 9 8

two values for PM2.5, demonstrating the effectiveness of the
cabin filters.

Regarding the distribution of the two cabin filters, we find
a close average efficiency (represented by a dotted line on
boxplots) between them, both for PM1 (54 % for filter A ver-
sus 53 % for filter B) and for PM2.5 filtration (58 % for filter
A versus 56 % for filter B). However, the values for filter A
are more dispersed than for filter B for both PM1 and PM2.5.
Given this result, we wondered whether it was due to the
concentration of particles at the filter inlet, i.e. whether an
increase in particle concentration in the scuttle affects filtra-
tion efficiency. To investigate this issue, we have plotted the
PM1 filtration efficiency results for filters A and B as a func-
tion of measured PM1 concentrations in the scuttle in Fig. 12,
using diamonds and circles for filters A and B, respectively.

The x axis of Fig. 12 shows that filter A was tested over
a wider concentration range than filter B (6.8 µg m−3 to
64.1 µg m−3 versus 20 µg m−3 to 44.6 µg m−3, respectively).
To compare the filtration efficiency of both filters under the
same conditions, we investigated their efficiency over the
same range of particle concentrations in the scuttle (the grey

area in Fig. 12). Then we plotted the boxplot distribution of
the filtration efficiency (right side of Fig. 12) of both filters
for this range. We found that, for the same range of parti-
cle concentrations in the scuttle, the PM1 filtration efficien-
cies of the two filters remain close (51.4 % for filter A ver-
sus 52.7 % for filter B) but still more dispersed for filter A
than for filter B (18.3 % to 76.5 % versus 35.5 % to 70.1 %).
Based on these results, we can conclude that the concentra-
tion of PM1 upstream of the cabin filter does not impact its
filtration efficiency within the PM1 concentration range of
20 to 44.6 µg m−3 in the scuttle. With the implementation of
gravimetric measurements in a moving car, we have seen that
it is possible to study the filtration efficiency of cabin filters
under real road conditions and to add information on their
dispersion.

4 Mechanisms responsible for the sampling losses

In Sect. 3.1, we quantified particle losses that occurred in the
sampling line and found losses in the gravimetric (DEKATI)
sampling line above 1 µm. While larger particles are less eas-

Aerosol Res., 4, 559–576, 2026 https://doi.org/10.5194/ar-4-559-2026



A. Delater et al.: Assessment of cabin filtration efficiency: contribution to an on-road methodology 569

Figure 10. Correlation matrix of PM2.5 measurement instruments for each campaign with (i) the weighted Pearson’s correlation coefficient
– r – associated with its significance (∗∗∗ for a significant correlation at 0.001 levels) and calculated with the Wilcoxon test on the upper
triangular part (d, g, h), (ii) the scatterplots on the lower triangular part (b, c, f), and (iii) the density diagrams on the diagonal (a, e, i).
Campaign 1 is in blue, campaign 2 is in yellow, and the green part (a, e, i) is the intersection of the two distributions.

Figure 11. Distribution of the PM1 and PM2.5 filtration efficiency of filter A, filter B, and the case without filters with boxplots (the mean is
represented by a dotted line, and the median, the 50th percentile, is represented by a solid line).

ily transported due to inertia, we investigated the sources of
these phenomena to determine if losses in the DEKATI sam-
pling line could be reduced. Using the PLC software, we
identified the main mechanisms responsible for these losses
during the inlet phase (Sect. 4.1) and during the transport
phase (Sect. 4.2).

4.1 Improvement of the collection during the inlet phase

According to the PLC software calculations using the
sampling-line parameters (Table 1), the airflow velocity in
the DEKATI sampling line was 9.95 m s−1, whereas the ve-
locity in the scuttle was 1.84 m s−1 according to the wind
tunnel test results (see Sect. 2.3.1). Therefore, the airflow ve-
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Figure 12. The PM1 filtration efficiency of filters A and B, with expanded uncertainty, is shown as a function of the measured PM1
concentration in the scuttle. The expanded uncertainty was calculated by propagating the uncertainties and taking into account the filter
weighting and sampled volume. The sampling efficiency distribution for measurements in the grey area is shown in the boxplots (the mean
is represented by a dotted line, and the median, the 50th percentile, is represented by a solid line).

locity in the scuttle is much lower than in the DEKATI sam-
pling line. The sampling is super-isokinetic, which results in
an underestimation of the sampling of the largest particles.

To determine the consequences of non-isokinetic sam-
pling on the DEKATI line, we ran the PLC software with
a flow rate that allowed isokinetic sampling. Since the air-
flow velocity in the scuttle is 1.84 m s−1, the flow rate of
the DEKATI must be reduced from 30 to 5.5 L min−1 to
match this velocity in the line (the line diameter is 8 mm;
see Table 1). We represented the sampling efficiency of the
DEKATI line with this new flow rate in Fig. 13 (namely “sim-
ulation 5 L min−1”) and in the conditions of the experiment
(namely “DEKATI 30 L min−1”).

Under isokinetic sampling conditions, the sampling effi-
ciency (i.e. inlet and transport efficiency) is much higher for
PM10 (dotted line in Fig. 13). However, the flow rate of a
cascade impactor cannot be changed because it determines
the particle cutoff diameter. Thus, the inlet efficiency can be
improved for the collection of the 2.5–10 µm fraction by (i)
changing the cascade impactor model to a lower flow rate,
(ii) increasing the air velocity in the scuttle by changing the
ventilation setting, (iii) increasing the diameter of the sam-
pling line to decrease the air flow velocity in the sampling
line, and/or (iv) designing an isokinetic probe (Heo et al.,
2018) for the speed range at which we want to carry out the
measurements.

Using a model with a reduced flow rate instead of the cas-
cade impactor would result in an increased collection time.
Sampling PM2.5 in the cabin required 360 min of collection
time to ensure that the mass of particles between 1 and 2.5 µm
was above the LoD. The larger the diameter of the particles,
the more they are stopped by the cabin filter. Assuming a
lower airflow velocity in the sampling line, the particle sam-

pling collection time will exceed 360 min. This raises the
question of how representative the time spent by travellers
in their vehicles is. The second solution, using a fan at max-
imum speed to increase air velocity in the scuttle, will not
represent traveller behaviour in all circumstances. For exam-
ple, the fan is not pushed to its maximum during a winter
trip. The third solution, using a line with a larger diameter
for sampling, would involve drilling a larger hole in the scut-
tle to allow the line to pass through. Therefore, this solution
seems to be the least restrictive in terms of not changing the
test conditions (collection time and fan speed). The last solu-
tion requires designing an isokinetic probe, which will enable
collection of the samples at different speeds. This method has
previously been used to sample particles from a car through
the window (Kam et al., 2012; Shirmohammadi et al., 2017).
It could also be placed in the scuttle to measure the air just
upstream of the cabin filter.

4.2 Improvement of the collection during the transport
phase

In a second step, we identified the mechanisms responsible
for particle losses during the transport phase. Figure 14 illus-
trates the transport efficiency of the DEKATI sampling line
as a function of the particle diameter, along with a represen-
tation of the particle loss mechanisms. Each dashed line rep-
resents one mechanism, and the product of all of these mech-
anisms is the transport efficiency, represented by the solid
line in Fig. 14. If we consider the transport efficiency of par-
ticles with a diameter of 10 µm, two main mechanisms are
responsible for the losses: turbulent inertial deposition and
inertial deposition in the line bend. This means that particles
of this size cannot be transported along the line in the condi-
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Figure 13. Sampling efficiency as a function of the particle diameter. This figure shows the sampling efficiency of the DEKATI instrument
at a flow rate of 30 L min−1 (solid line) and at a flow rate of 5.5 L min−1 (dotted line). The latter flow rate was selected to reach the isokinetic
sampling condition.

tions of this experiment. On the contrary, the sedimentation is
responsible for only 5 % of the particles of 10 µm in the line
(the transport efficiency is around 95 % for 10 µm in Fig. 14).

Although the bend in the sampling line was as straight as
possible, the high air velocity in the small (8 mm) diameter
sampling line may have contributed to these losses. This bend
could not be avoided because it enabled the sampling line to
enter the scuttle. However, this mechanism strongly impacts
the collection of only one particle size fraction (2.5–10 µm).
Furthermore, we found that the main cause of particle loss is
non-isokinetic sampling rather than particle deposition in the
bends (Fig. 13).

Therefore, different mechanisms are responsible for par-
ticle losses during sampling. The super-isokinetic sampling
condition results in the highest losses. A sampling line was
used for the scuttle measurement but not for the cabin mea-
surement. The aerosol concentration measurement in the
scuttle was not corrected in the filter efficiency calculation.
Consequently, the filtration efficiency results (Figs. 11 and
12) were underestimated. In the future, correcting the scuttle
measurements could provide a more accurate filtration effi-
ciency result.

5 Discussion

This study estimated the filtration efficiency of two cabin fil-
ters for PM1 and PM2.5 under real-road conditions. The main
limitation of the on-road study is that field conditions (e.g.
weather, traffic) can vary during measurements and conse-

quently influence filtration efficiency (see Sect. 1) (He et al.,
2016). Furthermore, the properties of the particles can be al-
tered by these changes, which then affects their filtration.
For example, Bukowiecki et al. (2002) estimated that, due
to higher relative humidity, particle size was 10 % larger on
suburban and rural roads at night than during the day. Thus,
neither the content of the future database, the variability of
the field conditions encountered, nor their impact on filtra-
tion efficiency is guaranteed. Consequently, designing an ex-
periment to compare the performance of two different cabin
air filters under the same on-road conditions is complex. Ad-
ditionally, on-road measurements are more expensive than
laboratory studies, making parametric studies with a high de-
gree of repeatability challenging to envision. Laboratory tests
ensure repeatable results since they are carried out under sta-
ble and controlled conditions. They also make it possible to
study the effect of a specific parameter on the filter’s perfor-
mance, such as its age, thickness, weight, or pore size (Lim
et al., 2018; Shim et al., 2022). Therefore, road tests comple-
ment laboratory studies but are hardly self-fulfilling.

The on-road measurements have the advantage of filling
a gap that the standards do not address. During laboratory
tests, standard particles are used (e.g. Arizona desert dust in
the standard ISO 12103-1), which are not representative of
all particles present in urban air. Moreover, standards do not
cover the full range of particle sizes (e.g. the standard ISO/TS
11155-1 covers particles larger than 0.3 µm), while studies
have shown that ultrafine particles (smaller than 0.1 µm in
diameter) are present in the cabin (e.g. the average con-
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Figure 14. Transport efficiency as a function of the particle diameter for the DEKATI instrument, showing the particle loss mechanisms.

centration of ultrafine particles in the cabin is greater than
104 particles cm−3 in Asia, Europe, and the USA) and have a
specific impact on health (e.g. increase in inflammation, car-
diovascular mortality) (Kumar et al., 2018; Qi et al., 2008).
For all of these reasons, it is necessary to be able to determine
the filter efficiency under realistic conditions as well.

In this paper, we proposed an original approach for the
evaluation of cabin filters on the road. We used a reference
method, gravimetry, to determine the mass concentration of
particles. Our comparison of gravimetric and OPC measure-
ments (see Sect. 3.4) showed that, while the two types of
measurement correlated well, a correction factor had to be
applied to obtain the true value. This result was not surpris-
ing because the OPCs are calibrated using spherical latex
particles that do not represent particles in ambient air. Im-
plementing gravimetry requires human resources (more than
300 filters were weighted during this project) and financial
resources (for the filters, the weighing room, and the pre-
cision scale). Hence, it is not accessible to everyone. How-
ever, these results confirm the need to use it on road since
mass concentration is not approximated. If a pre-campaign of
measurements is conducted at the start of each batch of cam-
paign to determine a seasonal correction model, OPCs can
be used instead of gravimetry to determine the mass concen-
tration of particles. Nonetheless, conditions in the ambient
air can change rapidly (e.g. work construction, agricultural
trade, dust event, fire), rendering this factor invalid. OPCs
still stay useful as gravimetry does not provide filtration effi-
ciency by particle size or real-time measurements. Therefore,
we recommend implementing both methods simultaneously
since they complement each other.

The methodology described in this paper has provided in-
sights into how the filters perform under real-road conditions.
We saw that the filtration efficiency of a cabin filter can vary
considerably under real conditions, e.g. the PM2.5 filtration
efficiency ranged from 41.1 % to 78.2 % for filter A and from
46.5 % to 61.6 % for filter B. These results are in line with
the literature, where such discrepancies have already been
observed, e.g. from 50.3 % to 93.2 % with a filter used on the
road in China (Yin et al., 2023). However, the instruments
used and the locations of the measurements differ from one
study to another. This makes comparisons difficult because
there is currently no harmonised test procedure. Hence, we
aimed to apply the methodology to other vehicles and filters
and then compared the results.

To reach this step, we recommend considering the follow-
ing limitations:

– We used a sampling line in this area and characterised
its particle losses with the PLC software. However, we
did not experimentally validate the results of the calcu-
lation. This is an important step to accurately assess the
performance of the cabin filters. To address this ques-
tion, the sampling line could be reproduced in labora-
tory, and the losses during transport could be quantified.

– This protocol is not universal, and the methodology
must be adapted to the vehicle being tested. To do this,
the airflow in the HVAC system must be studied. We did
wind tunnel measurements and CFD calculations in this
paper. Other methods can also be used for this purpose.
For example, tracer smoke can be injected into the vehi-
cle to identify airflow patterns and to locate dead zones.
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– To improve the collection of particles upstream of the
cabin filter, isokinetic sampling must be guaranteed (see
the recommendation in Sect. 4.1). This will ensure an
accurate assessment of cabin filter performance.

– If the study does not relate to passenger exposure, the
downstream sampling location must be placed closer to
the cabin filter. The current measurement point was lo-
cated at the respiratory level of a traveller and therefore
was not as close as possible to the air inlet in the cabin.
In the future, a more specific sampling point down-
stream of the filter could be developed for the evalua-
tion of cabin filters only, potentially being less subject
to dilution and infiltration that may occur in the cabin.

– To prevent particles from entering the vehicle through
the window frames while driving, windows can be
sealed with tape (Liu et al., 2011).

– The conditions of the experiments must be tracked, such
as temperature, relative humidity, air conditioning, traf-
fic conditions, and the number of passengers, as these
could influence the results.

6 Conclusion and perspectives

We conducted gravimetric on-road measurements for evalu-
ating cabin filters as a complement to laboratory studies. For
this purpose, two sampling points were designed: one up-
stream of the cabin filter in the scuttle and one downstream
of the cabin filter on the front passenger seat. An aeraulic
study (wind tunnel measurements, CFD calculations) of the
scuttle (an area in the bonnet) shows that it represents an in-
teresting zone for measuring pollutants because (i) it is in
the airflow path through the cabin filter and (ii) the wind
speed fluctuates minimally in this area under certain venti-
lation conditions (setting 2 in this study), allowing for stable
testing conditions. A sampling line was used to collect the
particles in the scuttle. The PLC software (von der Weiden et
al., 2009) was used to evaluate its sampling efficiency. The
results show that the sampling efficiency is greater than 94 %
for PM1 and greater than 77 % for PM2.5. However, the sam-
pling efficiency of the line is greatly reduced for particles
larger than 2.5 µm in diameter. This means that the filtration
efficiency of cabin filters for PM10 cannot be evaluated. The
filtration efficiency of two different filters was assessed in a
moving car in an urban area for the PM1 and PM2.5 frac-
tions. The average filtration efficiency was similar for both
filters (e.g. 54 % and 53 % filtration efficiency for PM1 in 15
and 14 tests, respectively), but the results were more scat-
tered for one filter than for the other.

A comparison should be made between these results and
the evaluation of the same filters by a standard in a labora-
tory. Such a comparison would highlight discrepancies be-
tween laboratory and on-road measurements and provide in-
sight into how the filters behave depending on the road con-

ditions. For example, Heo et al. (2022) found a decrease in
the filtration efficiency of one filter from 87 % to 58 % when
comparing laboratory and on-road measurement. They sug-
gested that the solid–liquid nature of on-road aerosols, as op-
posed to the standard of only solid aerosols, accelerates the
degradation of filtration efficiency.

These tests can be performed on another vehicle, provided
that the sampling conditions at the scuttle and along the sam-
pling line are properly evaluated (e.g. using PLC software).
This will allow filter manufacturers to test the filtration ef-
ficiency of any type of cabin filter under different condi-
tions, such as traffic, vehicle type, and weather conditions.
Additionally, the variation in cabin filter performance over
time should be studied to determine when filters need to be
changed to continue protecting travellers. For example, the
impact of clogging on filtration efficiency should be investi-
gated.
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