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A B S T R A C T

Particulate matter (PM) in the air is one of the several challenges that densely built urban areas are facing today,
and the severe health risks that PM poses to a city's inhabitants are well known. While the sources of increase in
PM levels could arise from a combination of several factors, it is imperative to take the necessary measures to
maintain a ‘healthy’ city. One such measure is to install air treatment systems that filter out PM from the
surrounding air. The effectiveness of such air treatment units in an urban setting is investigated using
Computational Fluid Dynamics (CFD). For the configuration used in this study, the mean performance of filters
in reducing the uniform background PM levels is found to be approximately 11.4%. If PM sources due to traffic is
also included, then the mean performance of filters in reducing the increased ambient PM levels is 7.6%. This
study shows that introduction of such air treatment systems are generally effective in reducing outdoor PM levels
and can be considered as one of the mitigation measures to improve the air quality.

1. Introduction

Industrialization and urbanization has caused severe air pollution
(PM and gaseous pollutants) in cities worldwide, especially in densely
populated metropolitan areas such as Beijing (Pui, Chen, & Zuo, 2014).
The sources of these pollutants include industrial activity, power gen-
eration and daily urban activity like vehicular traffic, with traffic in
particular identified as contributing to a quarter of urban ambient
PM2.5 pollution (Karagulian et al., 2015).

Critically, there have been many scientific studies that show a clear,
significant negative impact of urban pollutants on human health,
quality of life, and lost economic productivity (Landrigan et al., 2017;
Wong, 2014). Lelieveld, Evans, Fnais, Giannadaki, and Pozzer (2015)
estimated PM2.5 related global mortality to be 3.15 million people in
2010 alone, while Rohde and Muller (2015) estimated air pollution in
China to contribute to 1.6 million deaths per year. Recent work by Dai,
Liu, Chen, and Zhang (2018) further emphasized the impact of PM2.5

and PM10 on hospital admissions in northern China.
Emissions with a clear source can be regulated via the forced im-

plementation of scrubbing and cleaning technologies. For example, the
scrubbing of emissions from coal-fired power plants or the im-
plementation of catalytic converters in car exhaust systems can be ef-
fective (Giles et al., 2011), and research into better cleaning technol-
ogies remains active and extremely relevant (Liu et al., 2015; Zhang
et al., 2016). Nonetheless, this has not been sufficient to adequately
reduce air pollutants in many large urban cities. In fact, a recent report

by the World Health Organization showed average annual PM10 levels
remained consistently above recommended guidelines across cities like
Beijing and Seoul in Asia, to Mexico City and Buenos Aires in the
Americas, and Rome and Belgrade in Europe (World Health
Organization, 2016).

A commonly proposed mitigation measure is the imposition of
particulate matter filters or urban greenery to act as ambient pollutant
sinks (Dash & Elsinga, 2018; Janhäll, 2015; Pugh, MacKenzie, Whyatt,
& Hewitt, 2012). In particular, these sinks can be intelligently situated
to ensure cleaner air in critical urban areas with high densities of
particularly vulnerable segments of the population, such as schools or
hospitals, or particularly strong sources of pollutant emissions, such as
near major roadways or in parking garages (Blocken, Vervoort, & van
Hooff, 2016). While the cost of placing such filters across an entire
urban area will be prohibitive, judiciously selected locations would be
particularly helpful to ensure maximum operation efficiency for these
filters.

The CFD in urban simulations are well-established for the assess-
ment and understanding of ventilation and pollutant or chemical dis-
persion patterns across a range of scales in the urban environment
(Lateb et al., 2016), and can be similarly extended to understanding the
impact of location on the operational efficiency of the aforementioned
particulate filters. For example, Jeanjean, Monks, and Leigh (2016)
used CFD to assess the effectiveness of urban greenery on traffic PM2.5

reduction and Hong, Lin, and Qin (2017) conducted simulations on 12
arrangements of housing blocks and trees in order to find out their
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optimal arrangement that results in decrease in PM2.5 levels.
In this work we thus seek to explore via CFD the performance of

filters - named here as Large Outdoor Air Treatment Systems or LOATS -
in reducing particulate pollutant in an urban setting. We evaluate the
performance of these filters in removing ambient pollution and in the
removal of vehicular emissions by placing them directly above roads.
This is particularly critical in view of prior works by Karagulian et al.
(2015), Bereitschaft (2015) and Qiu et al. (2017) who showed vehicle
emissions to be major source of urban PM ambient pollution. Lastly, we
also evaluate their effectiveness when employed in conjunction with
roadside noise barriers, which we hypothesize to be of utility in further
improving performance.

2. Computational model and numerical settings

The geometry shown in Fig. 1a has been extracted from Open-
StreetMap, and is a typical town in the North-East of Singapore. Two
main roads extend along the North-South and East-West directions.
LOATS units, shown in Fig. 1b, are placed directly above these two
main roads where the PM generation occurs due to traffic. The LOATS
units have a volumetric air flow rate, Q, of 150,000 m3/hr. Note that
the dimensions and flow rate used in this study represent a ‘baseline’
scenario and actual values may vary. Whilst there are many possibilities
for their placement, the effectiveness of these units above the roads is
assessed in this study. The approximate spacing between the LOATS

units is 100 m, thereby covering the entire stretch of both roads such
that the successive units are neither too close nor too far. This spacing
which is approximately 7 times of a unit height has been decided based
on the length of roads and size of units. While the total number of units
is 31, 18 units lie within the analysis region whose extents are 1 km x 1
km. For brevity, the numbering of these LOATS units are shown in
Fig. 4a. This region is indicated by the dashed line in Fig. 1a. The
meshing and steady RANS (Reynolds Averaged Navier Stokes) simula-
tions are done using OpenFOAM v 4.0x.

The horizontal extents of the geometry are approximately 1.8 km ×
1.8 km and the building heights vary from 6 m to 85 m. The compu-
tational domain, following the guidelines specified in Blocken (2015), is
10 km × 10 km × 0.5 km. A constant vertical mesh resolution of 0.5 m
is maintained from ground level to 20 m and a horizontal mesh re-
solution of 2 m is specified within the analysis region.A section view of
the mesh is shown in Fig. 1c. The computational domain consists of
hexahedral cells and total cell count is approximately 50 million.

The ground surface is considered as a rough wall in order to capture
the aerodynamic effects of objects such as lampposts, bus shelters etc
which are not explicitly resolved. A uniform aerodynamic roughness
length of 0.2 m is imposed on the bottom surface of the entire com-
putational domain. The incoming wind direction is North-East, which is
one of the prevailing wind directions in Singapore. Based on previous
successful CFD simulations for pedestrian comfort (e.g. Blocken et al.,
2016; Toparlar et al., 2015; Wise, Boppana, Li, & Poh, 2018), the

Fig. 1. (a) Plan view of the geometry with LOATS placed directly above the roads. The analysis region is indicated by the dashed line, (b) sketch of a LOATS unit and
(c) an x− z view of the mesh showing LOATS and surrounding buildings; the location of this plane is indicated by the black dotted line in (a). Note that the height of
the domain is truncated for clarity purpose.
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realizable k-ϵ model is used to model turbulence. The reference mean
wind speed, Uref is 2 m/s at 15 m height (Meteorological Service
Singapore, 2017). The standard atmospheric boundary layer profiles for
the mean wind speed U, turbulent kinetic energy k and turbulence
dissipation rate ϵ are prescribed at the two inlet boundaries. The forms
of these are given by Eqs. (1)-(3), and are those derived by Richards and
Hoxey (1993).
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In Eq. (1), u* is the atmospheric boundary layer friction velocity that
can be derived using the mean wind speed given at the reference height
and location, and the aerodynamic roughness length z0 of the approach
flow. Based on the classification given in Table 4 by Wieringa (1992),
the surface characteristics of the approach flow wind direction ap-
proximately corresponds to a roughness length of 0.5 m. Note that this
value is higher than that imposed on the bottom surface of the com-
putational domain that has different roughness characteristics to that of
approach flow. The von Karman constant κ is chosen as 0.41, and tur-
bulence model constant Cμ is 0.09. A zero gradient for flow and scalar is
imposed on the two outlet boundaries and zero velocity is specified on
wall surfaces. To ensure homogenity of the approach flow, the top
boundary has same values as that of inlet for U and ϵ and a zero gra-
dient is specified for k.

The PM dispersion is modelled as a passive scalar. Based on the
information from Land Transport Authority (2017), the emission rate is
estimated by multiplying the average observed vehicular density for
this particular stretch of road with the maximum PM emission allowed
under Singapore's current regulatory standard (Euro VI stipulates limits
of 0.005 g km−1) for vehicles travelling at the specified speed limit (80
kmph). This yielded 0.8 μg m−3 s−1, which lies within the range esti-
mated by Blocken et al. (2016) and Velasco and Tan (2016) based on
PM emissions in streets and along roadways (0.1 μg m−3 s−1) and
background levels (34 μ g m−3). Hence, the vehicular emission is in-
corporated a constant scalar volumetric flux of 1 μg m−3 s−1 all along
the roads up to 1.5 m height. It is to be noted that the effects of traffic
induced turbulence and moving traffic are not considered in this study.
In addition to the traffic, a uniform background PM representing pol-
lution from many other sources that could arise from industrial pro-
cesses, construction or demolition activities, forest fires etc. has also
been considered. According to the air quality guide for particle pollu-
tion by U S Environmental Protection Agency (2015), the air quality is
‘unhealthy’ if the air quality index is in the range of 151-200 and this

corresponds to 24 hour mean of 55.5-150.4 μg m−3. Therefore, uniform
background concentration Cbg is chosen as 60 μg m−3. Upon obtaining a
satisfactory agreement between simulations and CODASC experiments
(CODASC data base, 2017) for perpendicular flow past a tree-free street
canyon with turbulent Schmidt number Sct = 0.7, the same is used in
current simulations which is also one of the values used in a few RANS
studies for scalar dispersion (e.g. Blocken et al., 2016). As the filters
within LOATS units become increasingly efficient with prolonged
usage, they are considered as 100% efficient in this study i.e. scalar
value is set to zero at the exit face of LOATS units when they are ‘ac-
tive’. All the surfaces of LOATS units are considered as walls, except for
top and bottom surfaces where a fixed vertical velocity of 1.15 ms−1 is
specified when LOATS are ‘active’. When ‘inactive’, top and bottom
surfaces of these units are treated as walls. It should be noted that in the
present work equal velocities are imposed on the top and bottom sur-
faces of the active LOATS units, thereby implying that there are no
pressure losses within the system. However, it is likely that these losses
would occur within the real LOATS units - in part due to the presence of
a filter media - resulting in a velocity difference between the suction
and blowing faces.

The SIMPLE scheme is used for pressure-velocity coupling. Second-
order schemes are used for all governing variables and simulations were
run until the residuals dropped below 10−6 and remained steady
thereafter. In order to assess the filters’ performance, simulations are
conducted for the various configurations shown in Table 1.

3. Results and discussion

3.1. Horizontal distribution of wind and PM at 2 m height

For cases on on off   and off on off   , Fig. 2 shows the contours of
the normalised wind speed (i.e. U/Uref), and relative scalar concentra-
tion with respect to the uniform background levels. The latter denoted
as Cnormbg is given by Eq. (4) where C is concentration in μ gm−3.

=
−

×C
C C

C
100,normbg

bg

bg (4)

The height chosen is 2 m because it is broadly accepted as a pedestrian
height. It can be observed that the flow fields near the LOATS units in
Fig. 2a and b are different, this is expected as the LOATS are ‘active’ in
the latter figure. However, it must be noted that the flow fields away
from the units are very similar at this height. This is also clearly illu-
strated in Fig. 3 where the radius of influence of centre LOATS is ap-
proximately 5-6 times of the unit length. The normalized scalar shown
in Fig. 2c and d for these two cases suggest that the increase in PM
levels above background value is over 100% along and near roads due
to the PM release. In the case of off on off   shown in Fig. 2c, filters are
not activated and hence the increase in PM is expected. In Fig. 2d where
filters are activated, local decrease of PM relative to background levels
is up to 25% and can be observed for almost all the units.

3.2. Relative performance at 2 m height

It has been observed for the case of on on off   that there are mixed
zones of increase and decrease in PM relative to background levels near
the LOATS units. In this section a comparison is thus done relative to
the off on off   scenario, in order to understand where exactly the si-
milarities and differences are between these two cases. The same has
also been done for the scenario when no PM is released from roads
( on off off   ) in order to understand how effective the units are in fil-
tering only background PM. For this, the relative PM reduction is de-
fined as

=
−

×C
C C

C
100normSon

off on off on on off

off on off

     

   (5)

Table 1
List of simulations for the various configurations.  ,  and  in second column
correspond to LOATS, emission source above roads and walls as noise barriers.
The * in row 5 indicates the configuration for which the jet from the LOATS unit
is reversed i.e. the polluted air is sucked in from the bottom of unit and clean air
is ejected from its top. ‘Active’ in column 3 indicates that flow and scalar are
entering and exiting through the LOATS units and ‘inactive’ indicates that there
is no flow through the units.

S.No. Case LOATS Source release from roads Noise barriers

1 on on off   active ✓ ×
2 off on off   inactive ✓ ×
3 on off off   active × ×
4 on on on   active ✓ ✓

5 *on on on   active ✓ ✓

6 off on on   inactive ✓ ✓
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Here CnormSon is normalized concentration deduced from cases
on on off   and off on off   . Likewise, the normalized concentration

CnormSoff corresponding to no pollutant release is obtained from
on off off   and Cbg. Note that Eqs. (4) and (6) are same, apart from the

change in sign.
Fig. 4a suggests that the LOATS units are effective in filtering

background concentration up to 75% at 2 m height. When PM release
from roads is considered, the same effectiveness can be observed for
most of the LOATS units in Fig. 4b. Due to the accumulation of scalar in
a few regions, the relative PM reduction is very low. However, it must
be noted that the overall PM reduction is much higher in comparison to
those few regions of low relative PM reduction levels. This also suggests
that strategic placing is required in order to derive the maximum
benefit from such filters. The complex interaction between the clean jet
from the LOATS units and the surrounding flow field causes accumu-
lation of scalar in some locations, and this is investigated further in the

following sections.

3.3. Performance of selective LOATS units

The location of these units are shown in the inset figure of top row.
Fig. 4a also shows the numbering of these units.

In the previous sections, the evaluation of the LOATS units was done
at 2 m height. The extents of the clean air zones for selected LOATS
units at different heights will be evaluated in this section. As mentioned
in Sec. 2, there are 18 units in the 1 km × 1 km region and these are
numbered from 1 to 18 as shown in Fig. 4a. The radius of influence of
each of these units at different heights has been computed and for the
sake of brevity, details of only three LOATS units are shown in Fig. 5.
The standard error of the mean is also shown in this figure as vertical
bars. It should be noted that for both scenarios i.e with no pollutant
release (top row) and with pollutant release (bottom row) from roads,
relative PM reduction is 100% at 6.5 m height and at r = 0 m. This is
because clean air is expelled from these units at 7 m height. From Fig. 5,

Fig. 2. Contours of normalized (a, b) velocity and (c, d) concentration at 2 m height. (a, c) correspond to off on off   and (b, d) for on on off   cases. The region
enclosed within dashed lines in (a) is shown in Fig. 3.

Fig. 3. Contours of normalized velocity for (a) off on off   and (b) on on off   cases shown for the dashed region indicated in Fig. 2a.
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it can be deduced that (i) the extents of the clean air zone varies be-
tween 10 and 30 m, (ii) the growth and decay rates vary with height as
well as location and (iii) LOATS 5 exhibits a wider influence zone for no
pollutant release case whereas LOATS 8 and 18 demonstrate almost
similar behavior for both scenarios. A very peculiar feature of LOATS 8
is that CnormSon is negative at 0.5 m elevation suggesting that PM values
are higher for on on off   case when compared to off on off   . This is
because of the accumulation of PM in the wake of the LOATS unit and is
shown in Fig. 6b. However in the case of LOATS 5 it can be seen in
Fig. 6a that the jet from the filter is stronger than the surrounding flow,
thereby creating a larger region of clean air.

3.4. Efficiency of LOATS units

The performance of each LOATS unit in creating clean air zones,
defined here as ‘efficiency’ is calculated using Eq. (7).

∫ ∫=η πr1
az

ℂ 2 dr dz
z r

0 0 (7)

Here ℂ is either CnormSon or CnormSoff depending on the case studied, r is
radius from the centre of each LOATS unit and z is the vertical distance

from the ground and a is the total area. Note that this operational ef-
ficiency is different to that of 100% filter efficiency stated in Sec. 2.
Based on the performance of three LOATS shown in Fig. 5 as well as of
the remaining units, the radial and vertical extents considered are 30 m
and 11 m respectively. Fig. 7 shows the efficiency of each LOATS unit
for two cases - with and without pollutant release from roads. This
figure suggests that the minimum and maximum efficiency values are
4.9% and 20.6% for the latter, whereas for the former the efficiency
varies between 3.7% and 13.1%. The mean efficiency of LOATS for
pollutant release case is 7.6% and is 3.8% lower than filtering only
background PM. For both cases the performance trend remains very
similar. It is to be noted that lower efficiency levels for the case of
pollutant release from roads does not indicate that the filters are less
effective. On the contrary, LOATS are filtering out more PM from the
environment due to the additional pollutants from traffic. Therefore,
the computed efficiencies are lower as the ambient PM levels are
higher.

In order to investigate the effects of grid resolution on numerical
results, a grid convergence study has been conducted on a smaller
geometry with three LOATS, with three horizontal resolutions of 2 m, 1
m and 0.5 m within the buildings region and keeping the vertical

Fig. 4. Contours of relative PM reduction at 2 m height for cases (a) no pollutant release from roads and (b) pollutant release from roads. In (a), the LOATS units are
numbered from 1 to 9 in the vertical direction and 10 to 18 in the horizontal direction.

Fig. 5. The radial distribution of relative PM reduction for three LOATS units. Top and bottom rows correspond to (a) no pollutant release and (b) with pollutant
release from roads respectively. The vertical bars denote the standard error of the mean.
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resolution of 0.5 m from ground to 20 m height. The latter is not
changed to isolate the effects from the wall model. The total cell count
for these three grids are 3.6, 6.1 and 15.1 million respectively. The
simulations are conducted for off on off   and on on off   cases. The
relative difference of efficiency between fine and coarse resolution is
found to be approximately 31%. Undoubtedly, this depends on the lo-
cation of LOATS with respect to the buildings. However, given that
efficiency increases with grid resolution suggests that η reported for
different cases is a conservative estimate and can be safely projected to
approximately 31% higher.

3.5. LOATS with roadside noise barriers

There has been regulations by U S Department of Transportation
(2017) on different types of noise barriers to abate highway noise. Dash
and Elsinga (2018) recently showed that air pollutant sinks on noise
barriers are effective, while Steffens et al. (2014) and Baldauf et al.
(2016) are among a growing body of work showing the effectiveness of
noise barriers in minimizing dispersion of traffic emissions. In order to
assess the effectiveness of LOATS under such configuration, walls of 50
cm thick and 10 m height are included on either side of roads and si-
mulations are conducted for three cases on on on   , *on on on   and

off on on   as described in Table 1. The objective is to assess whether
such configuration is more effective than cases discussed in above
sections.

Fig. 8 shows the vertical variation of spatial average of relative PM

reduction for all the cases where pollutant release from roads is con-
sidered. Note that the spatial average is obtained only within the region
enclosed by noise barriers in order to avoid numerical artifacts. The
shaded region for each case indicates the standard error of the mean
which is obtained by neglecting the covariance of two variables as they
are independent events. The maximum standard error for all cases is
found to be less than 1%. As expected, the maximum value of relative
PM reduction occurs near the exit of the LOATS units. Excluding the
reverse jet scenario, introduction of noise barriers resulted in decrease
of pollutant levels up to 13% when compared to only 7% observed in
the case without noise barriers. Also, the overall mean reduction in the
former is 2.6% unlike 1.2% in the latter. The improvement is because of
the confinement of scalar within the noise barriers region and as a re-
sult the overall PM capture by the filters is higher. The reduction in
scalar transport due to noise barriers is shown by the negative values of
relative PM levels in Fig. 8. Conversely, when the jet is reversed in the
LOATS unit, the dilution of PM occurs at its exit which is above the
height of the noise barriers. As a result, the pollutant levels gradually
decrease with height, thereby resulting in increase in relative PM re-
duction and reaches a maximum near the exit of the LOATS unit. The
overall mean reduction is found to be 2.3%, which is still higher than
the non noise barriers case. It can therefore be inferred that the com-
bination of noise barriers and LOATS jet orienting downwards is more

Fig. 6. Contours of CnormSon and velocity vectors for (a) LOATS 5 and (b) LOATS 8 at z = 0.5 m. The unit vectors are shown for on on off   and square box indicates
the position of LOATS unit.

Fig. 7. Efficiency of LOATS units for no pollutant release and with pollutant
release from roads.

Fig. 8. Vertical variation of relative PM levels. The dotted horizontal lines
correspond to the entrance and exit locations of LOATS units and the shaded
regions indicate the extents of standard error of the mean.
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effective in overall PM reduction.

4. Conclusions

A CFD study has been carried out to investigate the effectiveness of
PM filters in urban areas. The PM sources considered are predominantly
traffic based, however uniform background PM levels are also con-
sidered. Whilst there are many possibilities in the placement of these
filters, focus has been laid on assessing their performance when placed
directly above the source of traffic pollutants i.e. roads.

The simulations with PM sources from traffic and uniform back-
ground levels show that the filters performance in reducing ambient PM
varies between 3.7% and 13.1% and the radius of clean air zone extends
up to 30 m in some locations. When PM sources from traffic is not
considered, the maximum performance of some LOATS units in PM
reduction is above 15%, with the maximum being 20%. The grid re-
solution tests suggest that these efficiencies are conservative estimates
and the values can be projected to approximately 31% higher. Although
there has been accumulation of PM in the wakes of some of the LOATS
units due to strong recirculation regions, the overall cleaning perfor-
mance has been good. With noise barriers on either sides of the roads,
the maximum reduction in PM levels is nearly twice that of without
noise barriers. The barriers thereby serve a dual purpose in reducing
both noise and PM levels. However, with the ‘reverse jet’ configuration,
filter performance near pedestrian height is poor, and gradually be-
comes better near the filter exit.

As is well known and also recently depicted by Niu et al. (2018), PM
dispersion depends on the urban configuration and wind direction
among many other meteorological factors. The results presented in this
paper pertain to a single configuration (geometry, inlet and outlet ve-
locity magnitude and direction, spacing between units) of LOATS, a
single urban setting, and one of the two predominant wind directions of
Singapore. This will lay the foundation for further studies, adding more
complex physics such as inclusion of traffic induced turbulence, vege-
tation, thermal stratification as well as improved filter configuration
and its modelling. Also, the results on efficiency of LOATS for ‘no traffic
pollutant’ release case does not depend on the chosen background
uniform concentration. However, the results will vary with the amount
of combined background concentration and traffic pollutants and this
needs to be further investigated.

This study suggests that PM filters in urban areas can be generally
effective in reducing PM levels. In conjunction to other sustainable
mitigation measures, these filters can therefore play a vital role in im-
proving outdoor air quality and thereby helping to achieve and/or
maintain a ‘healthy’ city.
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