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Abstract. As stated by the World Health Organization (WHO), the air pollution in the urban environment
is the silent cause for around seven million death worldwide. This is due to the indoor and outdoor exposure
to various pollutants emitted in the built environment: as the global trend is an increase of the population
living in towns, this issue is predicted to become even worser. As a matter of fact, the built environment can
cause the trapping of pollutants instead of their dispersion. In this work, the dispersion of a plume of a
pollutant (carbon monoxide, CO), emitted from a chimneystack above the roof of courtyard in a group of
courtyards, is investigated. This is achieved employing the ENVI-met software, able to model, among the
others, the turbulence and pollutant dispersion in the built environment. Results show, among the others,
how the pollutant emitted from an upstream building can harm also the downstream buildings.

1 Introduction

The 2021 report of the United Nations’ World Health
Organization (WHO) [1] has taken to the world attention
the issue of the urban air pollution, with the majority of
world population living in the most polluted areas, the
cities (55% of the world population lives in urban areas,
according to the UN, with a perspective of increase of
this percentage to 68% by 2050 [2]). As a matter of fact,
the urban air pollution has been recalled as the silent
killer causing around seven million deaths worldwide,
due to air pollution related causes, from polluted air over
the cities to the smoke inside houses. Moreover, WHO
estimates that almost all the global population (around
99%) is exposed to such a level of air pollution to
encounter an increased risk for dangerous diseases as
heart diseases, stroke, chronic obstructive pulmonary
diseases, cancer and pneumonia. The built environment,
in fact, alters the atmospheric air motion and can cause
the trapping of pollutants inside the spaces between
buildings instead of their dispersion (Kurppa et al., 2018
[3D).

The urban canopy can be classified in different ways,
but usually the urban canyon (two linear buildings
separated by a street) with its geometrical descriptors is
the most commonly employed elementary block to
describe the built environment, in particular now that
individual urban canyons with their descriptors can be
extracted on large extensions of real cities via free online
available Geographic Information System (GIS) data
(see, e.g., Salvadori et al., 2019 [4], Badas et al., 2019,
[5], Salvadori et al., 2021-a [6], Salvadori et al., 2021-b
[7D).

The study of the classification of elementary blocks
of the boult environment can be called as a parametric
study: the parametric study of the influence of urban
blocks in pollutant dispersion has been a key element in
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the simulation via CFD (Computational Fluid Dynamics)
for urban planning processes (da Silva et al., 2021-a [8],
Costabile et al., 2006-a [9] and 2006-b [10]). Several
authors investigated the pollutant dispersion in a single
block or in a combination of blocks. Di Bernardino et al.
(2017 [11]) investigated in a water channel
the dispersion of a pollutant, emitted from three different
point sources, around an isolated, cubic obstacle. Yassin
(2011 [12]) have investigated via numerical simulations
the impact of height and shape of building roof on the air
quality in two-dimensional urban street canyons where
the release of a pollutant was at the street level. Ferrari et
al. (2019 [13]) performed, in the water tunnel, a similar
experiment but with the release of the pollutant from
a chimneystack. To study the pollutant dispersion, they
employed a non-intrusive and quasi-continuous-in-space
Digital Image Analysis technique (see Ferrari, 2017 [14],
for a review) to measure the concentration, the Laser
Induced Fluorescence technique employed in [15], [16]
and [17]. Nosek et al. (2017 [18]) have investigated in a
wind tunnel the impact of roof height non-uniformity on
pollutant dispersion among groups of courtyard
buildings and street intersections, with the pollutant
released at the street level. Hall et al. (1999 [19]) studied
in a laboratory wind tunnel the dispersion of a pollutant
released from a point source at the courtyard floor level
in courtyards and other enclosed buildings.

Among the blocks, the courtyard building (a building
with an unroofed internal area) is one of the typical
block establishing the urban environment shape, and it is
also one of the most common, in particular in Europe (da
Silva et al., 2021-b [20], Taleghani et al., 2014 [21]) but
not only. As a matter of fact, the courtyard buildings are
also very common in hot and arid climatic areas, because
of their thermal efficiency (Chiri et al., 2020 [22], Al-
Hafith et al., 2017 [23], Cantén et al., 2014 [24]).
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As can be seen from the above quoted papers, most of
the investigations of pollutant dispersion in the built
environment are often carried on with the release of the
pollutant from a street or a floor of the modelled
building, in order to simulate traffic pollution. Less
common is the release from a chimneystack, even if
recent investigations highlight its relevance in the urban
air quality issues (see, among the others, by Paunu et al.,
2021 [25], Huy et al., 2021 [26] and Suryati et al., 2021
[27]). In none of those investigations, anyway, the
chimneystacks were on a courtyard building.

For this reason, as, on the best of the author
knowledge, the dispersion of a plume of pollutant
emitted from a chimneystack above the roof of courtyard
in a group of courtyards has been never investigated, the
target of this paper is to fill this gap via a parametric
study through numerical simulation with the software
ENVI-met (see Section 2) on a group of four identical
courtyards, where the length of the courtyard, i.e. the
perpendicular-to-the-wind dimension of the internal
open space of the building, is the variable parameter,
while all the other parameters are kept constant. Among
the others, the target here is also to evaluate if and how
much the pollutant released form a chimneystack on a
courtyard building can affect the internal courtyards of
downstream buildings as well as the streets among the
buildings.

2 Materials and methods

The ENVI-met software (Bruse and Fleer, 1998 [28]),
able to model, among the others, the turbulence and
pollutant dispersion in the built environment, has been
employed in this work. ENVI-met has been widely
employed for urban microclimate simulation (see the list
of papers reported in Fabbri and Costanzo, 2020 [29]), as
well as for the investigation of pollutant dispersion in the
built environment. For instance, Nasrollahi et al (2017
[30]) employed ENVI-met to investigate the thermal
performance of courtyards of different configurations,
typical of Shiraz, in Iran. Among the others, also Wu et
al., 2021 [31], Viecco et al., 2021 [32], Sun et al., 2021
[33], Jing and Liang 2021 [34] and Xing and
Brimblecombe 2019 [35] employed ENVI-met to
simulate the pollutant dispersion in several different
urban configurations.

The modelled built environment is composed by (see
Figure 1, where the names of the courtyards and of the
streets are also reported) four identical courtyards
buildings, with a constant height (10 m), a constant
thickness (10 m), a constant courtyard width (W =5 m
where W is the courtyard dimension parallel to the wind
direction), a constant width of the streets (i.e. a constant
distance between the buildings, 10 m) and a variable
courtyard length (L =5 m, 10 m, 15 m, and 20 m, where
L is the courtyard dimension perpendicular to the wind
direction), and a 2m-height chimneystack on the roof of
courtyard 1 (highlighted with the red dot on Figure 1)
releasing a constant flow rate of carbon monoxide CO
(that, consequently, is released form a point source).
This arrangement was chosen as being typical of some

family houses in the residential areas of many Italian
towns. Anyway, it should be recalled that the target of
this work is a parametric investigation on the influence
of the relative dimensions of courtyard, building and
road dimension on the capability to disperse the pollutant
released from a chimneystack and not to simulate what
happens in a portion of a real town. The configurations
simulated where named WS5L05, W5L10, WS5L15 and
WS5L20.

The simulated wind is constant and from the East-
direction, with an undisturbed velocity Ug of 2.3 m/s and
an air temperature of 19.8°C at the beginning of the
simulation, i.e. at 6 a.m. of the 23/06/2018 (data taken
from the meteorological station of Rome/Ciampino,
Italy).

The domain is 250 cells-long x 150-180 cells-wide x
60 cells-height, with the single cell being a lm-side
cube. The difference in the width of the domain is due to
the variable dimension of the courtyards. The domain
size has been chosen to left enough space around the
buildings for the flow to reattach after the detachment
due to the presence of the building and to allow the
stability to the numerical code (according to Blocken,
2015 [36]). The first cell close to the terrain is divided by
the code into five smaller cells, in order to better
simulate the typical boundary layer developing close to
the terrain. Moreover, ENVI-met generates a logarithmic
wind profile, typical of the Urban Boundary Layer,
according to the given input data and the specific
location and season. ENVI-met simulates the air
turbulence via the so-called 2-equation Turbulence
Kinetic Energy (TKE) Model, i.e. numerically solving
the Kinetic Energy (KE) balance equation (describing
the distribution of KE depending on its production,
advection, diffusion and destruction) together with the
Dissipation Rate of TKE (g) equation.
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Fig. 1. Sketch of the group of courtyards, with the relevant
dimensions, the pollutant source location, the wind direction,
the names of the courtyards and the names of the streets.
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3 Results

In Figure 2, the horizontal field of non-dimensional
pollutant concentration C/Coy (i.e., the pollutant
concentration reduction, as Co is the CO concentration at
the chimneystack outlet, i.e. the maximum concentration
in the domain), extracted on the plane at the building
roof height, is shown: colours close to the yellow point
out where the concentration is higher, while colours
close to the blue indicates where the concentration is
almost zero. The white vectors represent the velocity
direction (arrow) and magnitude (length). For the sake of
clarity, not the whole domain is shown but only a zoom
in the closest region to the courtyards where the flow is
biased by the presence of the buildings. It is visible that
the pollutant enters the courtyard C.1, the one upstream,
but also the courtyard C.4, the one downstream, as well
as the street 1, the one between C.1 and C.4, and
downstream the courtyard C.4. On the contrary, in the
courtyards C.2 e C.3 the pollutant does not enter. In
particular, the pollutant concentration reduction C/Cp in
the courtyard C.1 is around 0.040, in the courtyard C.4
around 0.010 and in the street 1 around 0.015, with
values close to the zero in the courtyards C.2 e C.3. The
CO non-dimensional concentration in the street 1 is
around 0.010, around 0.005 in the street 2 and almost
zero in the street 3.

On Figure 3, the vertical field of non-dimensional
pollutant concentration C/Co, in colours, as well as the
velocity vectors (white arrows) at the middle section of
courtyards 1 and 4 are shown. Similar considerations as
the ones for Figure 2 can be drawn.
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Fig. 2. Horizontal field of nondimensional CO concentration
C/Co at the roof level (wind comes from the right).
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Fig. 3. Vertical field of nondimensional CO concentration C/Co
at the middle section of courtyards 1 and 4 (wind comes from
the right).

To quantify the effect of the simulated group of four
courtyards and of their dimensions in reducing the
pollutant penetration in the inner courtyards the non-
dimensional maximum CO concentration Cmax/Co inside
the four courtyards, for the different simulated courtyard
dimensions, in the volume inside the courtyard buildings
is plotted, for each one of the four configurations, versus
the hours of the day on Figures from 4 to 7. In the x-axis,
the hours of the day are from 7 a.m. of the first simulated
day to 6 a.m. of the following day. Similarly, on Figures
from 8 to 10 the non-dimensional maximum CO
concentration Cymax/Co inside the three streets, for the
different simulated courtyard dimensions, is plotted, for
each one of the four configurations, versus the hours of
the day; in this case, the concentration is measured at a 2
m height on the street level, i.e. at pedestrian level. In all
the Figures from 4 to 10, the case W5LO05 is represented
by a continuous black line with black circles, the case
WSL10 is represented by a dashed blue line with blue
plus, the case WS5L15 is represented by a continuous red
line with red asterisks and the case WS5L20 is
represented by a dashed green line with green circles.
The minimum non-dimensional concentration inside the
courtyards is not shown, because it is always and
everywhere almost zero.

Figures from 4 to 10 clearly show a time dependency
due to the variable sunlight warming during the day
which, in turn, increases the turbulent stirring during the
warmest hours of the day.

On Figure 4 and 5, the non-dimensional maximum
CO concentration Cmax/Cop inside the courtyards C.1 and
C.4, for the different simulated courtyard dimensions, in
the volume inside the courtyard buildings is plotted for
each one of the four configurations, versus the hours of
the day. The two courtyards show a similar trend, but
with very different values, higher in the C.1 (as
expected, because is the one where the chimneystack is
located) and lower in the C.4. Moreover, for both the
courtyards the concentration increases as the volume
decreases and tends to have the highest value at 7 a.m.,
to then decrease until 1 p.m., increase until 9 p.m. and
then remain almost constant until the end of the
simulated day. This is due to the variation of the
irradiation during the day, so during the warmer hours of
the day when there is a higher temperature of the air
volume close to the ground, which causes a reduction of
the air density and an increase of the turbulent stirring
which, in turns, favor the dilution of the pollutant.
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Fig. 4. Daily variation of the nondimensional maximum CO
concentration Cmax/Co inside the courtyard 1, for the different
simulated courtyard dimensions.

On Figure 6 and 7, the non-dimensional maximum
CO concentration Cmax/Co inside the courtyards C.2 and
C.3, for the different simulated courtyard dimensions, in
the volume inside the courtyard buildings is plotted for
each one of the four configurations, versus the hours of
the day. As for the C.1 e C.4, the two courtyards show a
similar trend, but with very different values, higher in
the C.3 (that results downstream to the chimneystack)
and lower in the C.4 (that results perpendicular to the
chimneystack). Moreover, for both the courtyards the
concentration increases as the volume decreases and it is
almost zero from 6 p.m. to 8 a.m., to then increase until
1 p.m., where the highest value is found.
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Fig. 5. Daily variation of the nondimensional maximum CO
concentration Cmax/Co inside the courtyard 4, for the different
simulated courtyard dimensions.
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Fig. 6. Daily variation of the nondimensional maximum CO
concentration Cmax/Co inside the courtyard 2, for the different
simulated courtyard dimensions.
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Fig. 7. Daily variation of the nondimensional maximum CO
concentration Cmax/Co inside the courtyard 3, for the different
simulated courtyard dimensions.

On Figure 8, the daily variation of the
nondimensional maximum CO concentration Cwmax/Co
inside the street 1, for the different simulated courtyard
dimensions, is reported. The pollutant trend is the same
for all the simulated configurations, without a
significative dependence on the courtyard dimension.
The trend is very similar to the one of C.1 and C.4 and
with values that are not negligible and similar to the one
of the courtyard 4.
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Fig. 8. Daily variation of the nondimensional maximum CO
concentration Cmax/Co inside the street 1, for the different
simulated courtyard dimensions.

On Figure 9, the daily variation of the

nondimensional maximum CO concentration Cmax/Co
inside the street 2, for the different simulated courtyard
dimensions, is reported. The pollutant trend is the same
for all the simulated configurations, with increasing
values as the courtyard dimension decreases.
Eventually, on Figure 10, the daily variation of the
nondimensional maximum CO concentration Cwmax/Co
inside the street 3, for the different simulated courtyard
dimensions, is reported. The trend is very similar to the
one of C.2 and C.3, with values that higher than the ones
of the quoted courtyards and with increasing values as
the courtyard dimension decreases.

In summary, the results show, among the others, how
the pollutant emitted from an upstream building can
harm also the downstream buildings and the streets close
to the buildings, with an increasing concentration as the
courtyard volume decreases.
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Fig. 10. Daily variation of the nondimensional maximum CO
concentration Cmax/Co inside the street 3, for the different
simulated courtyard dimensions.

4 Conclusions

In this paper, the dispersion of a plume of pollutant
emitted from a chimneystack above the roof of courtyard
in a group of courtyards has been investigated, via a
parametric study through numerical simulation with the
software ENVI-met. The group consists of four identical
courtyards, with a variable length of the courtyard, i.e.
the perpendicular-to-the-wind dimension of the internal
open space of the building, while all the other parameters
are kept constant.

The main results are that the pollutant emitted from
an upstream building can harm also the downstream
buildings and the streets close to the buildings and, of
course, the people living or working there. Moreover, the
concentration tends to decrease as the courtyard volume
increases, confirming the capability of the shape and
dimensions of the courtyard building in contributing to
the reduction of the pollutant concentration.
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