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Abstract

A two-step numerical strategy based on a district digital twin is presented
to efficiently deploy a limited number of depolluting panels in urban areas.
In a diagnosis stage, a detailed pollutant concentration map is computed
using CFD to identify critical highly polluted areas. Then, in a remediation
stage, the optimal placement of depolluting panels as regards of urban air-
flow is determined to locally mitigate the air pollution in the exposed areas.
For this purpose, a spatial sensitivity indicator calculated from an adjoint
framework is proposed. The approach is applied to two real case studies: the
full-scale laboratory district “Sense-City” under controlled conditions and a
district area in Paris using realistic NOx traffic emission and wind conditions.
In both case studies, it is shown that depolluting panels should be placed
on a part of the sidewalks, the building facades and the roads adjacent to
the sidewalks to reduce the high NOx concentration on some sidewalks and
on first-floor building windows, thus preventing outdoor/indoor pollutant
transfer. It is also proven that the proposed strategy is more efficient than
a non-smart massive deployment of depolluting panels to improve the air
quality in exposed areas. In addition to practical recommendations, this nu-
merical strategy can provide a help-decision tool for city managers to design
depolluting panels-based mitigation actions.

Keywords: outdoor air quality, traffic pollution, depolluting panels, CFD,
adjoint problem, digital twin, real-case study

∗corresponding author email: julien.waeytens@univ-eiffel.fr

Preprint submitted to Building and Environment December 6, 2023



1. Introduction

Air pollution is a major public health problem. According to the World
Health Organization, about 4.2 million deaths per year are related to poor
air quality (World Health Organization, 2016). A wide variety of sectors,
e.g. traffic, industry, agriculture, and housing, contribute to air pollution.
Urban cities produce around 78% of CO2 and atmospheric pollutants that
affect 50% of the population living in these areas (Bereitschaft and Deb-
bage, 2013). The main pollutants in outdoor air are NOx (NO2+NO), VOC,
SO2, CO, O3, and PM. Traffic is an important contributor to NOx emission
in cities (U.S. Environmental Protection Agency, 1999; Mishra and Goyal,
2015). It has been shown that short or long-term human exposure to nitro-
gen dioxide (NO2) causes respiratory and cardiovascular diseases (Stafoggia
et al., 2022; Meng et al., 2021). Through apartment openings, it can be noted
that outdoor pollutants can also affect indoor air quality (Leung, 2015). It
is therefore important to (i) understand how these pollutants are dispersed
in the urban environment by making detailed cartographies, (ii) identify the
critical areas where pollution is high, and (iii) propose an appropriate strat-
egy to improve the air quality. These three items are the main issues to be
addressed in the article.

Due to the significant financial cost, only a limited number of air qual-
ity stations are deployed in cities and regions to get accurate measurements.
Physical models and numerical simulations can be employed to counterbal-
ance the sparse coverage of the instrumentation. Hence, data assimilation
techniques combining sensor outputs and physical models are often consid-
ered to get accurate air pollutant cartography (Tilloy et al., 2013; Elbern and
Schmidt, 2001; Le Dimet and Talagrand, 1986). In region Ile de France, the
Airparif agency combines the chemistry-transport model CHIMERE (Bessag-
net et al., 2008) at the regional scale and the Gaussian dispersion model
ADMS-Urban (Carruthers et al., 1994) at the district scale to produce maps
at a resolution ranging from 12.5m to 50m. The different sources of pol-
lutants, and in particular traffic-related emissions, are calculated with the
model HEAVEN. These models enable numerical predictions at a reason-
able computational cost; however they are not appropriate for air pollutant
cartography at smaller resolution. When designing efficient urban planning,
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using virtual testing strategies to locally reduce highly polluted areas, more
sophisticated models such as ”Computational Fluid Dynamics” can be con-
sidered. They can provide air pollutant cartography at the meter resolution.
CFD has been used to get a better understanding of the urban airflow and
the pollutant dispersion around building in urban areas (Ramponi et al.,
2015; Tominaga and Stathopoulos, 2013; Di Sabatino et al., 2013; Gousseau
et al., 2011; Hang et al., 2011), practical recommendations can be found in
(Tominaga and Stathopoulos, 2016). Special attention has been given to
street canyons (Koutsourakis et al., 2012; Tominaga and Stathopoulos, 2011;
Di Sabatino et al., 2008) where turbulences induced by traffic (Zheng and
Yang, 2021; Zhao et al., 2021; Solazzo et al., 2008) , the roof shapes (Yassin,
2011) and the vegetation (Salim et al., 2011; Balczo et al., 2009; Gromke
et al., 2008) were studied. An overview of CFD studies in street canyon
applications is proposed in the review article (Li et al., 2006). To predict
turbulent flows in an urban environment, steady or unsteady Reynolds Av-
eraged Navier-Stokes (RANS or URANS, see (Rodriguez, 2019)) and Large
Eddy Simulation (LES, see (Sagaut, 2006)) are commonly employed. De-
spite their lack of accuracy compared to LES model (Gousseau et al., 2011),
RANS models remain largely used in operational studies due to their lower
computational cost (Blocken, 2015). In the present article, RANS models
are to be considered to get a detailed NOx pollution map at the street and
the district scales.

After identifying the critical highly polluted areas from detailed CFD
air quality maps, actions have to be carried out to reduce human exposure
to pollutants in these areas. Herein, the focus is on traffic pollution. The
different types of mitigation strategies can be divided into three categories,
based on the partial differential equation (1) representing transport-diffusion-
reaction

∂C

∂t
+ v⃗ · ∇C − div(D∇C)︸ ︷︷ ︸

II

+R(C)︸ ︷︷ ︸
III

= S︸︷︷︸
I

(1)

where C is the pollutant concentration, v⃗ and D are the flow velocity and
the diffusion parameter, R(C) represents chemical reaction of species and S
is associated to source emissions.
As shown in Eq (1), obviously the pollutant concentration C can be decreased
by reducing the source emission S. This strategy “I” is often employed by mu-
nicipalities and regional authorities via traffic restrictions like Low-Emission
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Zone (LEZ) and the replacement of a portion of the oldest vehicles. A good
knowledge of the local fleet and the virtual testing of different scenarios via a
simulation platform are recommended to efficiently design the Low-Emission
Zones (Andre et al., 2020; André et al., 2018; Duque et al., 2016).
The strategy “II” deals with the improvement of urban ventilation. For that,
a first way is to change the urban morphology. In the literature, numerous
researches have shown the effects of the urban morphology at the building,
the street and the district scales on the air quality (da Silva et al., 2022;
Yang et al., 2020; An et al., 2019; Shen et al., 2017). At the district scale,
the mitigation of air pollution through urban morphology adjustments can
be performed in new districts or in local urban renewal, e.g. demolition of
old buildings to create wind corridors to improve air quality and thermal
comfort (Peng et al., 2015). These actions can be long-term and expensive.
At the street scale, the installation of continuous, impermeable, high (more
than 2 meters height) barriers near traffic roads, e.g. solid walls or green bar-
riers with very low porosity/permeability can reduce the air pollution on the
sidewalk especially in street canyon (Issakhov and Omarova, 2021; Gromke
et al., 2016; Vos et al., 2013; Hagler et al., 2011). Vegetation is also used
as nature-based solutions for various purposes, e.g. heat island phenomena,
noise reduction, preservation of biodiversity and the contribution of human
well-being. Trees in streets and more generally urban parks have a positive
global impact on city air pollution, but they can be locally counterproductive
(Xing and Brimblecombe, 2019; Selmi et al., 2016). On the one hand, the pol-
lutant concentrations can be reduced via the absorption and the deposition
on leaves. On the other hand, the presence of trees can modify the pollutant
dispersion by obstructing the urban airflow. Still at the street scale, the
urban airflow can also be modified using passive or active ventilation strate-
gies. In (Mirzaei and Haghighat, 2010), a pedestrian ventilation system is
proposed to enhance the air quality and thermal comfort in the pedestrian
walking area of street canyons. It guides polluted air from the near-surface
level through a designed vertical duct system to the surrounding street level.
Lastly, the air quality improvement strategy “III” is based on the degra-
dation of pollutant species via a chemical reaction mechanism. In the last
decade, the depollution structures made of the integration of photocatalyst
semiconductor oxides such as titanium dioxide (TiO2) and zinc oxide (ZnO)
in construction materials or as direct use on a surface layer, have been used
to remove various pollutants (O3, COx, NOx, VOCs) (Le Pivert et al., 2021;
Darvish et al., 2020; Le Pivert et al., 2020; Binas et al., 2017). The func-
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tioning of these panels relies on the photocatalysis mechanism. Thus, with
sufficient light and under the presence of photocatalyst (ZnO or TiO2), a
catalytic oxidation effect is triggered, degrading certain polluting particles
(He et al., 2017; Garrido et al., 2019). Also, despite that TiO2 photocat-
alyst in the form of nanoparticles is the most used for the production of
depolluting surfaces, recent studies are moving towards the use of other pho-
tocatalysts such as ZnO given the harmful effect of TiO2 on health and the
environment (Grande and Tucci, 2016; Wu and Ren, 2020). For these rea-
sons (Le Pivert et al., 2021) developed depolluting panels, which consist of
photocatalyst nanostructures ZnO grown on construction materials (tiling,
rock aggregates), and showed that the air pollution from road traffic is locally
reduced when placing them on the road surfaces.
Given the very encouraging results of the depolluting panels in locally reduc-
ing urban pollution, it can be promising to deploy them in urban areas. They
can be placed as removable paving blocks on road surfaces, building walls,
motorway sound barriers, etc. To concretely evaluate the potential of pollu-
tant elimination by photocatalytic coatings in a street canyon, the authors in
(Pulvirenti et al., 2020) conducted CFD simulations and experimental vali-
dation in Bologna, Italy. To go one step further in this article, a complete
chain approach from the detailed cartography of air pollutants to the smart
placement of depolluting panels is proposed. The main contribution herein
concerns the optimal placement of a restricted surface of depolluting panels
through a CFD-based strategy in order to locally improve the air quality
in critical urban areas. The article is organized as follows. The two-step
computer-aided strategy for the smart placement of depolluting panels is
presented in Section 2. First CFD is used, in a diagnosis step, to identify
critical highly polluted areas at the district scale. Then, in a remediation
step, a virtual testing strategy based on CFD and an adjoint framework is
developed to determine a relevant placement of depolluting panels for goal-
oriented air pollutant mitigation. In Section 3, the results of our numerical
strategy on a controlled laboratory district, named “Sense-City”, are anal-
ysed. In Section 4, the smart placement strategy is applied to a Paris district
under in-situ meteorological and traffic conditions.
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2. Numerical method for the optimal placement of depolluting sys-
tem as regards of urban airflow

2.1. Outline

In this section an overview of our two-step virtual testing strategy to
determine a smart placement of depolluting panels at the district scale is
given. Our approach relies on the formulation of an optimization problem
and a sensitivity analysis through the adjoint framework. The main steps of
the proposed method are summarized below.

Diagnosis stage:
The goal is to identify the highly polluted areas in the studied district from
detailed pollution cartographies.

• Computation of the airflow at the district scale using computational
fluid dynamics;

• Solving the direct advection-diffusion reaction model to reconstruct
precisely the pollution map at the district scale;

• Identification of the critical areas where people can be exposed to high
level of pollutants from the pollution map. The pollutant concentra-
tions in these critical areas are defined as quantities of interest.

Remediation stage:
The objective is to improve air quality in the determined critical areas by
decreasing the quantity of interest. Local sensitivity analysis is performed for
the selected quantity of interest considering both direct and adjoint problems
in the original urban configuration (without depolluting panels).

• Solving the adjoint advection-diffusion reaction problem associated with
the chosen quantities of interest;

• Computation of the spatial sensitivity indicator using the concentration
determined in the diagnosis stage and the numerical solution of the
adjoint problem;

• Selection of a relevant position of depolluting panels given by significant
value of the sensitivity indicator.

Each of these steps is detailed in the following sections.
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2.2. Technical description

2.2.1. Diagnosis: district pollutant map using direct model

The computational domain of the district is denoted Ω. After simulating
the airflow v⃗ over Ω, the detailed cartography of the pollutant concentration
C (x, t) is obtained by solving the convection-diffusion-reaction equation:


∂C

∂t
+ v⃗ · ∇C − div(D∇C) +R(C) = S in Ω× [0, T ]

C = Ci on Γi × [0, T ]

∇C · n⃗ = 0 on Γo ∪ Γw × [0, T ]

C (t = 0) = C0 in Ω

(2)

where Ci and C0 denotes respectively the background concentration enter-
ing the domain Ω through the inlets Γi and the initial concentration in the
domain. The boundaries Γo and Γw are associated with outlet and wall
surfaces.

In urban air quality applications, the airflow is considered Newtonian,
incompressible and turbulent. In practice, the airflow velocity v⃗ and the tur-
bulent viscosity µt (kg/(m.s)) are obtained from Reynolds Averaged Navier-
Stokes simulations (RANS). The diffusion term D appearing in Eq. (2) is the
sum of the molecular diffusion and the turbulent diffusion Dt. The turbulent
diffusion Dt (m

2/s) is given by the formula

Dt =
µt

ρ Sct
, (3)

where ρ (kg/m3) is the density of air and Sct is the turbulent Schmidt
number. Lastly, R(C) and S in Eq.(2) are the reaction and the source terms.
The source term S in the domain Ω is used to define the position and the
amplitude of source emissions.

In the applications to be presented in Sections 3 and 4, the pollutant car-
tography is obtained from the deterministic solution of the direct problem.
To better take into account the uncertain parameters of the physical model
like boundary air flow conditions and source term characteristics, uncertainty
quantification (UQ) and data assimilation can be considered (see,(Hammond
et al., 2019; Mons et al., 2017; Tilloy et al., 2013)).
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The critical areas where people are exposed to high pollution levels are
determined from the detailed pollutant concentration map C(x, t). Hence,
the concentrations in these critical areas are defined as quantities of interest
J .

J =

∫ T

0

∫
Ω

fq(x) ξ(t)C(x, t) dΩdt, (4)

where fq(x) is the space function to extract the pollution in a critical area
Ωq and ξ(t) is the time extractor function to define the period of interest.
In our case, the pollutant concentration at the location where we want to
improve the air quality is chosen as a quantity of interest. Thereby, herein
Ωq is a subdomain of Ω representing the location where improved air quality
is desired.

2.3. Remediation: Smart placement of depolluting panels solving minimiza-
tion problem

To model the effects of depolluting panels on the district air quality, the
advection-diffusion reaction equations is considered:

∂C

∂t
+ v⃗ · ∇C − div(D∇C) = S in Ω× [0, T ]

C = Ci on Γi × [0, T ]

∇C · n⃗ = 0 on Γo ∪ Γn × [0, T ]

−D∇C · n⃗ = kC on Γp × [0, T ]

C (t = 0) = C0 in Ω

(5)

To remain simple, the degradation of the pollutant by the photocatalytic
depolluting system is described using a first-order reaction,

−D∇C · n⃗ = kC on Γp × [0, T ],

where k (m/s) denotes the reaction rate function. The reaction rate is an
approximation of Langmuir-Hinshelwood kinetic model and was used in pre-
vious works (Pulvirenti et al., 2020; Yusuf et al., 2020; Yusuf and Palmisano,
2021). The degradation reaction occurring at the surfaces of the depolluting
panels, it is considered as a boundary condition (Yusuf et al., 2020; Yusuf and
Palmisano, 2021). For operational reasons, the depolluting panels can not be
placed on any surfaces of the district. Consequently, the potential placement
of depolluting panels is limited to the boundary Γp which is a restricted part
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of the wall boundary Γw. The boundaries Γp and Γn are defined such that
Γw = Γp ∪ Γn. Lastly, let us underline that k(x) is a scalar field defined on
the boundary Γp.

The constrained minimization problem to be solved is:

min
k,C∈C

J (C, k) (6)

where the constraint “C ∈ C” imply that the concentration C has to sat-
isfies the direct problem (5). The Lagrangian function L associated to the
constrained minimization problem (6) can be written as

L(C, k;λ) = J (C, k)−
∫ T

0

∫
Ω

λ1

(
∂C

∂t
+ v⃗.∇C − div(D∇C)− S

)
dΩdt

−
∫ T

0

∫
Γi

λ2(C − Ci)dS dt−
∫ T

0

∫
Γo∪Γn

λ3∇C · n⃗ dS dt

+

∫ T

0

∫
Γp

λ4(D∇C · n⃗+ kC)dS dt−
∫
Ω

λ5(C(t = 0)− C0)dΩ

(7)
where λi, i ∈ {1, .., 5} are the Lagrange multipliers.

Finding the minimum of the functional J with the constraint C ∈ C is
equivalent to finding the stationary points of the Lagrangian functional L
(7) as a function of the Lagrange multipliers λi, C and k meaning

∂L
∂λi

=
∂L
∂C

=
∂L
∂k

= 0

The partial derivation of the Lagrangian L according to the Lagrange multi-
pliers λi, i.e. ∂L/∂λi = 0, gives as expected the “direct problem” (5) satisfied
by the concentration C. As for the partial derivation of L according to the
concentration C, i.e. ∂L/∂C = 0, leads to the formulation of the “adjoint
problem”, with the adjoint concentration state noted C̃ that satisfies
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−∂C̃

∂t
− v⃗ · ∇C̃ − div(D∇C̃) = fq ξ in Ω× [0, T ]

C̃ = 0 on Γi × [0, T ]

∇C̃ · n⃗ = 0 on Γn × [0, T ]

−D∇C̃ · n⃗ = kC̃ on Γp × [0, T ]

D∇C̃ · n⃗+ (v⃗ · n⃗) C̃ = 0 on Γo × [0, T ]

C̃(t = T ) = 0 in Ω.

(8)

The main steps of the calculations to obtain the adjoint problem are given
in Appendix A.
The adjoint problem corresponds to a backward advection-diffusion equation
which involves a fictitious source emission located in the area of interest Ωq.
Even in stationary conditions, the adjoint problem is different from the direct
problem (5). The adjoint concentration state C̃ corresponds to a sensitivity
function associated with the considered quantity of interest J . Hence, if
the adjoint state is null in a part of the domain, it physically means that
what happens in this part of the domain will not affect the chosen quantity
of interest. This type of adjoint model was previously used by the authors
to study the optimal placement of air quality sensors (Waeytens and Sadr,
2018).
Lastly, the partial derivation of L according to the reaction rate scalar field
k gives the sensitivity of the quantity of interest J to the depolluting panels
and satisfies

∂J

∂k
=

∂L
∂k

=

∫ T

0

λ4Cdt = −
∫ T

0

C̃Cdt on Γp (9)

As shown in Appendix A, one has λ4 = −C̃ on Γp × [0, T ].
To evaluate the effectiveness of depolluting panels placed at a position x, a
positive sensitivity indicator is defined:

I(x) =

∣∣∣∣∂J∂k
∣∣∣∣ = ∫ T

0

C̃(x, t)C(x, t)dt (10)

Let us note that the indicator I(x) is significant when both direct concentra-
tion C and the adjoint concentration C̃ have high values. The depolluting
panels must therefore be placed in high-polluted zones (C(x, t) high) which
can impact the chosen quantity of interest (C̃ high) due to the transport and
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the dispersion of the pollutant.

In the following sections, the spatial sensitivity indicator I(x) will be used
to select an efficient placement of depolluting panels for two urban applica-
tions. For an operational purpose and an objective of limiting computational
cost, we only perform a local sensitivity analysis by solving the direct prob-
lem (5) and the adjoint problem (8) in the pre-existing configuration, i.e. no
depolluting panels (k = 0). Then, the direct and adjoint numerical solutions
are used to evaluate the sensitivity indicator (10) on all the surfaces of Γp.
Finally, the depolluting panels are to be placed only on surfaces where the
indicator I(x) is significant.

3. Application in controlled conditions: the Sense-City district

To illustrate our approach, a controlled scenario in a full-scale small dis-
trict embedded in the climatic chamber of the equipment “Sense-City” is
first considered. In this part, the airflow within the climatic chamber is
considered steady and turbulent (Streichenberger et al., 2021). The numer-
ical study addresses the transient dispersion of a non-reactive gas pollutant
emitted at a given position on the road of the Sense-City district within
a period of 180 seconds1. In what follows, the detailed description of the
controlled scenario in Sense-City district and the application of depolluting
panels strategic position are presented.

3.1. Presentation of Sense-City equipment and the studied district under con-
trolled conditions

Sense-City is an instrumented district built in 2018 and located on the
campus of Université Gustave Eiffel at Champs-sur-Marne, France (Derkx
et al., 2012). This district is designed for the validation of numerical phys-
ical models and innovative technologies used in the field of urban environ-
ments. It is composed of two small districts of 400m2. These urban areas
can be studied in natural conditions or in controlled climatic conditions us-
ing a large mobile climatic chamber of dimension (20m × 20m × 10m). In
addition, more than 150 sensors (temperature sensors, gas sensors, etc..) are

1Due to the closed-cycle air circulation within the climatic chamber (Streichenberger
et al., 2021), the simulation period is limited to 180 seconds.
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installed at different locations in the district.

In the present article, the small district #1 covered by the climatic cham-
ber is used for our numerical study (see Figure 1). It consists of two small
houses, a two-story precast concrete building and roads. Figure 1 also shows
the digital twin of this district. On the south and north walls of the cli-
matic chamber are installed six fans, two horizontal air-forced ducts and
two vertical rectangular columns for air extraction called “extractor”. The
boundary surfaces of the computational domain are: inlet fans (surfaces with
red and blue colors), outlet fans (surfaces with green color), horizontal air-
forced ducts (surfaces with black and purple colors), extractors (surfaces with
yellow) and walls (buildings and climatic chamber walls). For more details
about the airflow characteristics, turbulent air flow simulation using RANS
model and its validation using 3D anemometer measurement, the reader can
refer to (Streichenberger et al., 2021).

zoom	

zoom	

Z	
X	

Y	

N

S

E	
W	

Inflow	surfaces	(blowing	sides	of	fans	with	reduced	airflow)	
Inflow	surfaces	(blowing	sides	of	regular	fans)	
Outflow	surfaces	(extraction	sides	of	all	fans)	

FANS	COLOR	LEGEND	 SUCTION	AND	FORCED	AIR	DUCTS	COLOR	LEGEND	
Outflow	surfaces	(extraction	surfaces	of	suction	ducts)		
Inflow		surfaces	(perforation	on	upper	forced-air	ducts	)	
Inflow	surfaces	(perforation	on	lower	forced-air	ducts)	

Figure 1: Sense-City district #1 covered by the climatic chamber (at left) and its associated
digital twin (at right).

.

3.2. Time evolution cartography of the pollutant dispersion in a controlled
scenario without depolluting system

In this first application, the time-evolution of the concentration in Sense-
City district in controlled conditions on the time interval [0, 180s] is studied.
Concerning the Sense-City numerical mock-up, let us note that the center
of the Cartesian coordinate system, represented in Fig. 2, is placed on the
ground surface at the center of the district such that the district domain is
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described by {x ∈ [−11.22m, 11.22m], y ∈ [−11.1m, 11.1m], z ∈ [0m, 10m]}.
Herein, the scenario of a continuous release of a pollutant tracer, i.e. non-
reactive, from a parallelepiped volumic source (0.5× 0.5× 0.5 = 0.125m3) is
considered. The center of the source is located in the middle of the road at the
coordinates (x = 0m, y = −2.5m, z = 1m) between the concrete building
and the two houses (see Fig. 2) at height z = 1m. The parallelepiped volume
Ωs of the source is expressed by the space function fs:

fs(x) =

{
1 forx ∈ Ωs

0 elsewhere
. (11)

The source amplitude is taken to 2000 µg/m3/s. The volume of the source
being of 0.125 m3, the considered emission is 250 µg/s which corresponds
to the order of magnitude of NOx mean emission at 20km/h for EURO 6
passengers cars with a small petrol engine, i.e. 0.039g/km emission factor
that gives a value of 217 µg/s (Ntziachristos et al., 2009).

In the absence of depolluting system, to determine the time-evolution
cartography of the pollutant, the direct advection-diffusion problem defined
in Eq. (2) is solved. Since the pollutant concentration C(x, t) is considered
herein as a passive scalar, i.e. non-reactive pollutant such as in the articles
(Tee et al., 2020; Tominaga and Stathopoulos, 2018), the reaction term in
Eq. (2) is taken to 0.
The time-averaged turbulent velocity field v⃗ and the turbulent viscosity µt

are obtained from a previous work (Streichenberger et al., 2021), where un-
steady Reynolds Averaged Navier-Stokes (URANS) turbulent model within
software Code Saturne was used to simulate airflow in Sense-City district.
The turbulent diffusion is Dt = µt/(ρSc) and the Schmidt number Sc is set
to 0.7 (Tominaga and Stathopoulos, 2007; Wang and McNamara, 2006). Null
initial concentration, homogeneous Dirichlet conditions (i.e. C0 = Ci = 0)
at the inlets (inlet fans, horizontal air-forced ducts) and homogeneous Neu-
mann condition (i.e. ∇C · n⃗ = 0) on the walls and outlets are considered.

In this application, the Finite Element Method with SUPG stabilization
in the software FreeFem++ (Hecht, 2012) is used to solve the direct gas
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Figure 2: Position of the pollutant source and the mast sensors in Sense-City district.

.

dispersion model Eq. (2). The variational formulation of the problem reads:∫
Ω

∂C

∂t
C∗ dΩ +

∫
Ω

(v⃗ · ∇C)C∗ dΩ +

∫
Ω

D(∇C · ∇C∗) dΩ

−
∫
∂Ω

D(∇C · n⃗)C∗ dΩ + α

∫
Ω

∂C

∂t
(v⃗ · ∇C∗) dΩ

+ α

∫
Ω

(v⃗ · ∇C)(v⃗ · ∇C∗) dΩ − α

∫
Ω

D∆C(v⃗ · ∇C∗) dΩ

=

∫
Ω

fC∗ dΩ + α

∫
Ω

f(v⃗ · ∇C∗) dΩ (12)

where α represents the stabilization term defined by SUPG method (Hughes
et al., 1986; Franca et al., 1992). Euler implicit scheme is used for the time
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discretization. The time step is taken to ∆t = 0.1 s.
An unstructured mesh with a local volume refinement around the source
emission was built using the open-source software SALOME with the auto-
matic mesh generator NETGEN. The mesh has a total cell number of about
3,947,186.

In Fig. 3, the spatial maps of pollution in the Sense-City district are plot-
ted at pedestrian level (z = 1.5m) for different times (t = 5 s ; t = 30 s;
t = 60 s). The vertical profile of pollutant concentration along the south-
oriented building wall which faces the road is also represented. Since the
concentration remains almost unchanged after 60 seconds, only the pollutant
maps from t = 0 s to t = 60 s are given. In Fig. 4, the numerical concentra-
tion at monitoring points (see Fig. 2) are provided as well to illustrate the
time evolution of the concentration distribution. As the concentration was
negligible at Masts 7, 8, 9 and 10, they are not represented in Fig. 4.
From Fig. 3, it can be noted that the pollutant goes from the source to the
concrete building and then bypasses it on one side and goes towards the ex-
tractor of Sense-City ventilation system, which is located in the lower right
corner. Moreover, a non-negligible part of the pollution (about 20µg/m3

obtained at Mast 6, see Fig. 4), also reaches the first floor window of the
building (see Fig. 3). Indeed, Fig. 4 shows that the concentration at Mast 2
(on the building sidewalk) is 20 times higher than the one at Mast 1 (near
the two houses). Even on the building sidewalk, the pollutant concentration
varies significantly, i.e. from 10µg/m3 to 60µg/m3 according to the spatial
position (see Masts 2, 3 and 4).

To sum up, high concentrations are observed obviously at the source po-
sition, at the vicinity of the building on the sidewalk and at the first floor
building window.

3.3. Determination of high-polluted areas and definition of quantities of in-
terest

From the pollution maps in Sense-City (Fig. 3), two critical pollution
areas are selected :

• The first area is located on the sidewalk near the concrete building and
is defined by the subdomain

Ωq1 = {x ∈ [−5m, 5m], y ∈ [−5.5m,−4m], z ∈ [1m, 2m]}
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Figure 3: Spatial pollution maps (µg/m3) for Sc = 0.7 as a function of time, in the x-y
plane at z = 1.5m (left) and in the x-z plane at y = −5.4m (right). The white rectangular
contour represents the building and the window of the first floor.
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Figure 4: Pollutant concentration from simulation at the masts of Sense-City district as a
function of time - no depolluting panels.

.

• The second area corresponds to the vicinity of the first floor building
window and is defined by the subdomain

Ωq2 = {x ∈ [1.5m, 2.5m], y ∈ [−5.5m,−5.3m], z ∈ [3.7m, 5m]}

For each high-polluted area, we define a quantity of interest Ji, i ∈ {1, 2}
(see Eq. (4)) associated to the spatial-averaged concentration over the whole
time interval [0, 180s]. Hence, the space function fqi(x), i ∈ {1, 2} used to
extract the averaged concentration in the critical areas Ωqi , i ∈ {1, 2} in Eq.
(4) is given by

fqi(x) =

{
1/|Ωqi | forx ∈ Ωqi

0 elsewhere
. (13)

and the time function for both quantities of interest is ξ(t) = 1/T on the
whole time interval [0, T = 180s].
The numerical estimation of the two quantities of interest, in the configura-
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tion without depolluting panels, are:{
J1 = 33.0 µg/m3

J2 = 17.9 µg/m3
(14)

3.4. Smart placement of depolluting panels to improve air quality in high-
polluted areas

Once the quantities of interest Ji, i ∈ {1, 2} are set, the adjoint problem
(see Eq. (8)) is solved. Fig. 5 shows the adjoint concentration on the surfaces
of the domain associated to the quantity of interest J2 (i.e. the mean value
of the pollutant concentration at the building window). Let us recall that the
adjoint solution corresponds to a sensitivity function as regards of the chosen
quantity of interest. Thus, if the adjoint solution is almost null in a part of
the domain, it means that actions in this part of the domain, like emissions
of pollutants or placement of depolluting panels, will have no influence on
the considered quantity of interest.

To select the best depolluting panels location for improving the chosen
quantities of interest, the spatial sensitivity indicators defined by Eq. (10)
are computed on all the wall surfaces of the domain (Γp = Γw). In Fig. 6,
the sensitivity indicator maps are shown for the two selected quantities of
interest: mean pollutant concentration values on the building sidewalk (J1)
and at the building window (J2). Each indicator Ii, i ∈ {1, 2} is the result of
the product of the pollutant concentration field C (direct concentration) and
the adjoint state C̃i associated to each Ji. Hence, the depolluting panels are
to be positioned in areas where both direct and adjoint concentrations are
high. The maximum value of the sensitivity indicator I1 is about 25 whereas
the value of I2 can exceed 50. It means that installing a limited surface in
m2 of depolluting panels in the most sensitive areas can have a bigger impact
on the decrease of the pollutant concentration at the building window (J2)
than the one at the building sidewalk (J1). From Fig. 6, it can be noted
that depolluting panels have to be positioned on the bottom of the building
surface, and on a restricted part of the sidewalk and on the road to reduce the
quantity of interest J1 (sidewalk pollutant concentration). Concerning the
pollutant concentration at the building window J2, air pollution exposures
can be decreased by placing panels below the window on the building facade,
on a portion of the sidewalk and on the road.
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Figure 5: Adjoint solution [m−3] represented at the surfaces of Sense-City district - Quan-
tity of interest J2 associated to the pollutant concentration at the vicinity of the window
building.

.

In Fig. 7, the two sensitivity indicators I1 and I2 are displayed on the most
influential surfaces, i.e. the building walls, the building sidewalk, and the
road. Three areas to install depolluting panel, noted DP1, DP2, and DP3, are
determined by taking the sensitivity threshold value to 5. Let us note that
the lower the sensitivity threshold value, the larger the panel deployment
area. In practice, the threshold value can be chosen to get a deployment
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Figure 6: Sensitivity indicator maps I1 associated to the pollutant concentration at the
building sidewalk J1 (at left) and I2 associated to the pollutant concentration at the
building window J2.

.

surface of panels strictly less than the maximum deployment surface allowed
by the urban planner. In the Sense-City application, the total surface of
depolluting panels corresponds to 29.7m2. Let us explain in more detail the
three optimal depolluting areas represented in Fig. 7. Firstly, for operational
urban purposes, rectangular areas are preferred to more complex shapes.

• “DP1” surface is located on the building wall above the window, and
its coordinates are {x ∈ [−0.3m, 2.7m], y = −5.5m, z ∈ [2m, 3.7m]}.
As shown in Fig. 6, panels in “DP1” allow mainly to improve the
air quality at the building window and thus to reduce outdoor/indoor
transfer of pollutants;

• “DP2” surface is located on the bottom building wall, and its coordi-
nates are {x ∈ [−3.4m, 4m], y = −5.5m, z ∈ [0m, 2m]}. Panels in this
area contribute to improving both quantities of interest J1 and J2;

• “DP3” surface is placed on a part of the sidewalk and the road, and its
coordinates are {x ∈ [−1.9m, 1.3m], y ∈ [−2.5m,−5.5m], z = 0m}. As
with the panels in “DP2” area, the one in “DP3” surface can reduce
the pollutant concentrations on the building sidewalk and window.
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Figure 7: Representation of smart placement of depolluting panels (indicated by black
rectangles) in Sense-City district on the road and the sidewalk (at left) and on the building
facade (at right) to improve the quantities of interest J1 and J2 - White rectangular
denotes the window position.

.

3.5. Numerical validation of the optimized placement of depolluting panels

In Section 3.4, the smart placement of depolluting panels to improve both
quantities of interest J1 and J2 is determined using the spatial sensitivity in-
dicator defined in Eq. (10). To validate numerically the relevance of the pre-
dicted position of panels, the pollutant concentration in Sense-City district
and the quantities of interest are evaluated by solving the advection-diffusion
direct problem (see Eq. (5)) in three different configurations:

• “no depollution case” - it corresponds to the initial district urban plan-
ning, i.e. in the absence of depolluting device. It was detailed in
Sections 3.2 and 3.3;

• “optimal depollution placement” - the depolluting panels DP1, DP2
and DP3, determined from the smart placement strategy in Section
3.4, are integrated in the Sense-City district;

• “bad depollution placement” - depolluting panels are massively de-
ployed on all the district roads (see Fig. 2) except in the sensitive area
DP3.
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For these three urban planning configurations, the quantities of interest
J1 (mean pollutant concentration at the building sidewalk) and J2 (mean
concentration at the building window) are calculated. The numerical results
are summarized in Table 1. In the case of “optimal depolluting panels place-
ment”, different values of the reaction rate k are investigated for all the panels
DP1, DP2, and DP3. If the reaction rate k of the depolluting panels is less or
equal to 0.01m/s, the reduction of the pollutant concentration in the areas
of interest is not significant, i.e. less than 2 µg/m3. As predicted from the
sensitivity indicator in Fig. 6, the smart placement of depolluting panels may
have more impact on the improvement of the air quality at the building win-
dow (J2) than the one on the building sidewalk (J1). Table 1 confirms this
expectation. Indeed, when considering depolluting panels (DP1,DP2,DP3)
with k = 1m/s, the quantity of interest J2 decreases by about 10 µg/m3

(−59% variation) whereas for J1 the decrease is less than 5 µg/m3 (−14%
variation). According to the study of the airflow in the Sense-City district
(Streichenberger et al., 2021), the pollutant may pass closer to the district
surfaces (road, sidewalk, and building surfaces) on the trajectory between
the source of pollution and the building window than the one between the
source and the sidewalk. In summary, the depolluting panel strategy will not
be efficient if the pollutant does not pass close to district surfaces.

In the last configuration noted as “bad depollution placement”, the panels
are largely deployed on all the road surfaces of the Sense-City district except
the area DP3. Hence, it represents 172m2 of depolluting panels over a total
ground surface of 328m2. Even for a high value of depolluting panel reaction
rate k, i.e. k = 1m/s, Table 1 shows that a massive deployment of panels
can result in no improvement of the air quality in the areas of interest when
the panels are badly positioned. In conclusion, the use of urban airflow in
numerical strategies can allow the design of efficient urban planning with a
limited surface area of depolluting panels to improve the air quality in critical
areas.

4. Real case application - Paris district

In Section 3, the numerical strategy for smart placement of depolluting
panels was applied in a simple urban geometry and under controlled weather
conditions in Sense-City to demonstrate its effectiveness. In this section, the
use of the numerical strategy is extended to a real urban district of Paris
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Configuration J1 (µg/m3) J2 (µg/m3)
Panel placement k(m/s)

“No depolluting panel” - 33.0 17.9
“Optimal depolluting 0.01 32.5 16.6
panel placement” 0.1 30.4 11.4

1 28.3 7.3
“Bad depolluting placement” 1 33.0 17.9

Table 1: Numerical values of the quantities of interest in different urban planning config-
urations for Sense-City district, k denotes the reaction rate of the depolluting panels.

with realistic wind conditions. Realistic weather conditions and pollution
situations considered here, represent the two most dominant wind directions
encountered in Paris and actual measured NOx pollutant concentrations on
the roads. In Paris region, generally, the two dominant airflows are North-
East (NE) and South-West (SW). Thanks to the cooperation with Airparif
agency, two critical days and specific hours are determined, corresponding to
high pollutant levels and NE or SW wind conditions. Accordingly, the 4th

of December 2021 at 7 pm with a wind direction of 230 degrees and the 16th

of December 2021 at 11 am with a 70 degrees wind direction are selected.
These two studied winter days are outside of the intensive photochemical
period (April-September).

4.1. Computational setting

The direct simulation for flow and pollutant dispersion is performed with
the finite-volume CFD software “Code Saturne”(Frederic et al., 2004). In
order to compromise between accuracy and computational cost, the pseudo-
steady-state incompressible Reynolds-Averaged Navier-Stokes (RANS) with
K − ω SST turbulence model is considered. It was also used in Sense-City
flow simulation (Streichenberger et al., 2021). Second-order upwind schemes
are chosen to compute velocity, turbulence kinetic energy, and specific dissi-
pation. As in Sense-City case, the turbulent Schmidt number Sct is fixed at
0.7.

OpenFOAM (Greenshields et al., 2015) (open source software) is used
to solve the pseudo-steady-state adjoint advection-diffusion equation, which
corresponds to Eq. (8) without the time derivative term. A first-order up-
wind scheme is chosen to discretize the advection term.
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4.2. From real urban geometry to mesh generation

The study area is a part of the 8th arrondissement of Paris (France),
which is located on the west side of the city (see Fig. 8 (a)). This area in-
cludes housing, business, political activities, and many tourist spots, such as
the Avenue des Champs-Élysées. The white zone in Fig. 8 (b) indicates the
main domain of focus in this study. To imitate an actual incoming flow af-
fected by windward buildings, the extra regions represented with yellow lines
in Fig. 8 (b) are added. The domain size is about 2 km in the NS direction
and 1.55 km in the EW direction. An air quality measurement station of the
Airparif agency is present in the studied domain at the Avenue des Champs-
Élysées (see red circle in Fig. 8 (b)). Many streets in this area are known
to be highly polluted because of the traffic, e.g. Av des Champs-Élysées, Bd
Malesherbes, and Rue de Miromesnil.

Figure 8: (a) Area of simulation: overall view of Paris (at left) and (b) detail view of the
study area (at right).

The numerical mock-up of the urban area is generated via a software
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chain. From IGNMap, 2D shapes with height information of each building
are exported. Then, 3D geometry is obtained by the automatic extrusion
process of each building in CityEngine software. Let us note that precise
heights of the buildings and courtyards are taken into account in the main
domain of interest (white zone in Fig. 8) whereas geometrical simplifica-
tions are made in the extra region (yellow line in Fig. 8) such as constant
height of buildings and removal of courtyards. Lastly, an unstructured mesh
of the computational domain is generated in SALOME software (Ribes and
Caremoli, 2007). The computational domain is adapted according to the
wind direction. Fig. 9 shows the computational domain and mesh when
considering wind from the SW direction. For NE case, only the building
geometries are rotated to make a new computational domain. The distances
from the outer edges of the building geometries to the domain boundaries
are as follows: about 5Hmax (Hmax is equal to 42.5 m, the maximum build-
ing height in the considered domain) from the inlet boundary, approximately
8Hmax from the lateral boundaries, exceeding 20Hmax from the outlet bound-
ary, and more than 10Hmax from the top boundary. These distances meet
the recommendations outlined in the guidebook (Architectural Institute of
Japan, 2020). As mentioned, the wind direction, the days, and the time
chosen for the simulations are 230 degrees on 4th December 2021 at 7 pm
(SW) and 70 degrees on 16th December 2021 at 11 am (NE). The number of
cells is about 25 million for SW and NW cases. In the studied domain, 1m
mesh size is used where traffic pollutant sources are put, and 3m mesh size
elsewhere.

Figure 9: Computational area and mesh of simulation for Paris SW case.
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4.3. Boundary conditions and traffic pollutant source

At the inlet faces, as shown in Eqs. (15-17), a logarithmic profile for
velocity, a constant value for kinematic energy and a height-dependent profile
for specific dissipation are imposed (P.J. Richards, 2011).

U =
u∗

κ
ln

(
z + z0
z0

)
(15)

k =
u∗

2√
Cµ

(16)

ω =
u∗√

β ′κk−ωz
(17)

where u∗, z0, and κ are the friction velocity, the roughness length, and Von
Karman constant. The roughness length is taken to 1 m, u∗ are 2m/s for
SW and 2.5m/s for NE cases. The details of the other coefficients Cµ, β

′
and

κk−ω can be found in (P.J. Richards, 2011). On the outlet face, zero-gradient
condition is imposed. Wall function is used on the bottom face and all the
building surfaces. Symmetry conditions are given on laterals and upper faces.

Concerning NOx emissions from traffic, they are estimated on one-hour
intervals by the Airparif agency using emission factors from COPERT (Ntzi-
achristos et al., 2009) and data assimilation, which combines observed data
and a traffic model. In the present computational domain, 44 main roads,
which contribute the most to traffic pollution, are considered as pollutant
sources (see red lines in Fig. 10). In the CFD calculations, the pollutant
sources on the main roads are modeled as volumetric source terms in the
advection-diffusion equation. The pollutant volumetric sources are defined
on the width of the roads from 0 m to 1 m height to mimic traffic emissions
with a one-hour average pollutant concentration. NOx emissions on each
street are given in µg/m3/s. For the details of the NOx values, see Appendix
B.

4.4. Simplifications and limitations of Paris study case

The main assumptions made to simplify the Paris study case in terms of
geometry, airflow, pollutant dispersion, and chemical modeling are listed and
summarized in this section.
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Figure 10: Position of main traffic pollutant sources (44 roads in the considered domain).

.

- Wind and traffic pollution scenarios : the airflow and the traffic pollu-
tant dispersion in the Paris case are studied on hourly-averaged time in-
tervals using pseudo-steady simulations. Only two characteristic study
cases, i.e. highly-polluted periods from traffic (morning and evening)
with Paris region dominant winds (South-West and North-East), are
analyzed to propose first recommendations on the placement of depol-
luting panels in the urban area;

- Estimated traffic pollution emission: as mentioned in Section 4.3, the
pollutant sources are estimated from a traffic model and pollutant emis-
sion factors. The fleet and the velocity of the vehicles not being well-
known, these input data are subject to uncertainties;

- No height variation in the geometry : in the present Paris domain, the
elevation is about 20 m lower from north to south. Although the to-
pography can influence the airflow, herein the slope being slight, the
height variation of the terrain is not considered;

- Airflow disturbance induced by urban equipment, trees, traffic, and tem-
perature: trees and vehicles can increase turbulence and air mixing in
urban areas. Thereby, they may facilitate the dispersion of pollutants
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and reducing pollutant concentrations. However, for simplicity, they
are not considered in this case study. In the same way, some geometrical
details, such as urban equipment, are not included in the digital twin.
Furthermore, the buoyancy effects caused by temperature-induced den-
sity changes and the atmospheric stability caused by temperature dif-
ferences between the ground and the atmosphere are not considered;

- Chemical reaction of traffic pollutants : from NOx traffic emissions pro-
vided by AirParif agency, NOx background concentration, and the de-
tailed airflow numerical fields, the cartography of NOx concentration
in the Paris domain is computed using advection-diffusion PDE. The
possible reactions with other chemical species are not taken into con-
sideration. Herein, the depolluting action of the panel surface is simply
modeled by boundary conditions with a first-order reaction. Its reac-
tion rate function k is assumed to be independent of UV radiation levels
and air temperature;

- Photochemical reactions in urban environment : when reactive pollu-
tants are exposed to UV radiation, photochemical reactions occur and
can significantly impact urban air quality. However, these phenomena
are not considered in our approach. Therefore, the proposed method
should be applied outside of the intensive photochemical period, such
as in winter;

- Simulation settings : certain CFD model parameters such as the rough-
ness length and the Schmidt number are fixed in the study to given
numerical values. The chosen values can have an impact on the recom-
mended placement of depolluting panels.

4.5. Cartography of the pollutant concentration and critical pollution areas
in Paris

The first step of the proposed numerical strategy is to make a cartogra-
phy of pollutant concentration. Fig. 11 shows the mean velocity and NOx
concentration at 1.5 m height for the SW and NE cases. Concerning the
numerical estimation of NOx concentrations, measurement values of the air
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(µg/m3)
SW NE

Background concentration at Chatelet-Les Halles station 45.5 164.5
CFD simulation (traffic-derived emission) 52.3 5.4
Total predicted concentration (background + CFD) 97.8 169.9
Measurement station at Av des Champs-Elysées 123.0 154.1

Table 2: Comparison of NOx concentration between CFD and measurement station.

quality subway station Chatelet-Les Halles 2 (in the center of Paris) are used
as background concentrations: 45.5 µg/m3 and 164.5 µg/m3 for SW and NE
cases, respectively. CFD is used to compute the cartography of NOx concen-
tration resulting from traffic emissions. Hence, the total NOx concentration
is obtained by adding the background concentration to the traffic-derived
concentration predicted by CFD. In Table 2, the numerical NOx concentra-
tion is compared with the measured concentration at the air quality station
of AirParif agency located at Av des Champs-Élysées (see red circle in Fig.
8). The traffic-derived pollutant concentration at the air quality station is
lower for NE wind direction case than for SW wind. In fact, few traffic
emissions are conveyed to the measurement station as (i) the wind direction
is NE, (ii) the air quality station is placed on the NE sidewalk of Champs
Elysées and (iii) an important green park is present at the vicinity of the air
quality station in the NE direction (no big traffic emission). On the contrary,
in the SW case, the measurement station observes the high traffic pollutant
emission from Av des Champs Elysées. Overall, in both simulated cases, an
acceptable gap, i.e. less than 25%, is obtained between the simulated and
measured NOx concentrations at Av des Champs-Élysées. Nevertheless, it is
important to note that herein the comparison is based on results from just
one local measurement station. This does not provide a comprehensive as-
sessment of accuracy over the entire computational domain, meaning there
might be errors in other areas. However, it is challenging to verify overall
accuracy since the number of measurement stations is usually limited within
real urban areas.

2Since this station is far from any large street, the measured concentration is considered
as a background concentration by AirParif.
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Figure 11: Mean velocity and not Mean NOx concentration on 1 hour-interval at 1.5 m
height: SW case (top) and NE case (bottom).

.

CFD results represented in Fig. 11 highlight that the pollutant concen-
tration is inhomogeneous at the district and street levels. As expected, high
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pollutant concentrations are predicted on the 44 main streets where volumic
sources are placed (e.g. Av des Champs-Élysées and Bd Malesherbes). Low
airflow velocities in some areas result in pollution accumulations such as in
Rue de Miromesnil. Moreover, it is observed on many streets that the pol-
lutant concentrations are high only on one side. This is due to the typical
pollutant distribution of the street canyon where the highest concentrations
are noticed on the leeward side of roads, as the street primary vortex (Dab-
berdt et al., 1973) conveys pollutants leeward. For example, Fig. 12 shows
pollutant concentration and wind direction on a street’s cross section at 58
Bd Malesherbes for the SW case. On the left side (leeward), the NOx concen-
tration is higher than the right side and above 500 µg/m3 at the pedestrian
level, with decreasing concentration as height increases. Let us note that due
to the simplification assumptions considered and detailed in Section 4.4, the
predicted NOx concentration may give over-estimation.

The next step is to select critically polluted areas (areas of interest) where
the air quality should be improved. As regards the two wind direction cases,
four areas of interest are selected from the NOx pollutant cartographies:

• Ωq1: southwest sidewalk from 69 to 85 Bd Malesherbes represented in
Fig. 13 (a) in red, and in Fig. 14 (a) for SW case. Dimension of the
area is 5 m width, 140 m length, and height belongs to [0.5 m, 2 m].
The associated mean pollutant concentration J1 is 627 µg/m3.

• Ωq2: building facade of the lower floors on the southwest side from 69
to 81 Bd Malesherbes represented in Fig. 13 (a) in blue and in Fig.
14 (a) for SW case. The dimension of the area is 0.5 m width, 110 m
length, and height belongs to [4 m, 9.2 m]. The associated mean NOx
concentration J2 is 427 µg/m3.

• Ωq3: sidewalks at the intersection of Rue de Miromesnil and Rue la
Boétie represented in Fig. 13 (b) and in Fig. 14 (b)) for SW case. The
dimension of the area is 1 ∼ 2.5 m width, 20 ∼ 50 m length, and height
belongs to [0.5 m, 2 m]. The associated mean NOx concentration J3 is
252 µg/m3.

• Ωq4: north-east sidewalk from 48 to 60 Bd Malesherbes represented in
Fig. 13 (c) and in Fig. 14 (a) for NE case. Dimension of the area
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Figure 12: Mean NOx concentration and wind direction on the vertical direction in SW
case at 58 Bd Malesherbes.

.

is 4 m width, 140 m length, and height belongs to [0.5 m, 2 m]. The
associated mean NOx concentration J4 is 326 µg/m3.

The quantities of interest J1, J3 and J4 have been selected in order to
improve the air quality on sidewalks frequented by pedestrians. J3 is also of
particular interest as it is located at a road intersection having the crowded
metro station entrance “Miromesnil” and many city shops. Lastly, reducing
air pollution on the building facade, e.g. J2 at Bd Malesherbes, is important
in order to decrease the transfer of traffic pollutants from the outdoors to
the indoors.

4.6. Adjoint solution and smart placement of depolluting panels in Paris

To smartly place the depolluting panels on the surfaces of the urban
domain, the last step is to calculate the adjoint concentration and the sensi-
tivity indicator for each selected quantity of interest defined in the previous
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Figure 13: Selected areas of interest in the Paris district where air quality should be
improved: (a) the south-west sidewalk in red and the lower floors of the building facade in
blue from 69 to 81 Bd Malesherbes, (b) sidewalks at the intersection of Rue de Miromesnil
and Rue de Boétie, (c) the north-east sidewalk from 48 to 60 Bd Malesherbes.

section. As explained before, the sensitivity indicator becomes significant
when both direct and adjoint concentrations are high. Fig. 15 shows the
cartographies of the NOx concentration (solution of the direct problem), the
adjoint concentration, and the resulting sensitivity indicator on the surfaces
of the domain for each quantity of interest. The bold yellow lines in the
sensitivity indicator map denote the contour lines of the sensitivity indicator
at 0.1 for both the south-west sidewalk and the lower floor building facade at
Bd Malesherbes, at 0.2 at the intersection of Rue de Miromesnil and at 0.003
for the north-east sidewalk at Bd Malesherbes. These values are associated
with the chosen sensitivity indicator thresholds. Herein, the thresholds have
been selected such that the surface of depolluting panels does not exceed
300 m2.

On the southwest sidewalk at Bd Malesherbes, let us define the north and
south parts of the sidewalk (see Fig. 16). Firstly, concerning the quantity of
interest J1, the highest sensitivity indicator values can be seen on the ground
of the north part. It corresponds to a part of the sidewalk, of the road and
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Figure 14: Pictures of the areas of interest in the Paris district: (a) 58 Bd Malesherbes
and (b) 43 Rue de Miromesnil.

.

of the lower floor’s building facade (Fig. 15 (a)). Similarly, for the quantity
of interest J2, significant sensitivity indicator values are mainly located on
the north part of Bd Malesherbes on the lower floor building facade (Fig.
15 (b)). In the other regions, the indicator is relatively low. For J1 and
J2, variation of the sensitivity indicators are found, even on the same side-
walk and building facade, which are attributed to the magnitude of adjoint
concentration. Looking at the airflow characteristics in Bd Malesherbes (Fig.
16), a typical street canyon flow occurs in the north part. Hence, in the north
part of Bd Malesherbes, the pollutant source of the adjoint problem defined
on Ωq1 and Ωq2 are backwardly transported along the ground and building
facade by the primary vortex. It leads to high adjoint concentration on the
sidewalk, road and building facade in the north part of Bd Malesherbes. On
the other hand, in the center and south part (except for the south corner),
the adjoint concentration is low on the ground and building facade. In these
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areas, the vertical velocity is tiny compared to the north part, and the wind
direction near the building surfaces is oriented parallel to the road (Fig. 16).
This airflow does not transport the adjoint pollutant concentration near the
ground and building facade, resulting in low indicator values in these regions.
To sum up, urban airflow plays a major role in the sensitivity indicator level
and therefore in determining the smart placement of depolluting panels. The
amount of adjoint concentration passing close to the ground or the building
surface is a major contributor to the selection of panel location and size.
For the quantity of interest J3 dealing with the NOx concentration at the
street intersection of Rue de Miromesnil and Rue la Boétie, Fig. 15 (c) shows
that high sensitivity indicator values are obtained on the sidewalk surfaces,
especially in Rue de Miromesnil, a well-known road having heavy traffic,
and also on lower floor’s building facades. Moreover, the sensitivity indica-
tor is significant at the entrance to the subway station. In this intersection,
complex airflow is created as winds come from many directions and merge.
Hence, this air mixing favors the direct and adjoint concentrations to reach
the ground surfaces and building facades as illustrated.
Concerning the quantity of interest J4 on the north-east sidewalk of Bd
Malesherbes, Fig. 15 (d) indicates very local high sensitivity indicator at the
building corner on the south part mainly due to high adjoint concentrations.
In addition, a high indicator is obtained around the center of the sidewalk
near the vertical setback. (Ng and Chau, 2014) pointed out that vertical
setbacks increase airflow and pollutant dispersion in the vertical direction.
Its effect contributes to the high adjoint concentration in this region, thereby
the high indicator. This finding implies that combining measures to facili-
tate airflow mixing with depolluting panels can be a more efficient way to
improve air quality. However, in this northeast sidewalk case, note that the
magnitude of the adjoint concentration and the sensitivity indicator is much
smaller than in the other cases. Therefore, putting depolluting panels in the
northeast sidewalk can be less efficient.

To conclude, for the improvement of the air quality at Bd Malesherbes
(69-85 and 48-60) and at the intersection of Rue de Miromesnil and of Rue
la Boétie under the considered wind conditions, the suggested placement of
depolluting panels based on the chosen sensitivity contour lines in Fig. 15
are the following:

• Bd Malesherbes - panels should be placed on the north part of the
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Figure 15: Direct concentration, adjoint concentration, and sensitivity indicator associated
with each quantity of interest: (a) the south-west sidewalk from 69 to 85 Bd Malesherbes,
(b) the building facade at the lower floor on south-west side from 69 to 81 Bd Malesherbes,
(c) the subway station and shops at the intersection of Rue de Miromesnil and Rue la
Boétie, (d) the north-east sidewalk from 48 to 60 Bd Malesherbes.

south-west sidewalks (4 m wide × 30 m long) and of the road adjacent
to the sidewalk (3.5 m × 30 m), on the building facade in the north part
(height∈ [2.5m, 9.5m] × 35 m) and in the south part (height∈ [2m, 9m]
× 10 m). Although the placement of panels can be less effective on the
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Figure 16: Vertical velocity and wind direction at Bd Malesherbes at 1m height.

.

north-east sidewalk due to the low sensitivity indicator in comparison
with the south-west sidewalk, candidate positions are on the sidewalk
at the south corner (6 m × 35 m) and in the center of the sidewalk (4
m × 30 m).

• Intersection of Rue de Miromesnil and of Rue la Boétie - panels should
be placed on a part of the sidewalk and road on the north side of Rue de
Miromesnil (1.5 m wide × 50 m long) and (1.5 m × 50 m) respectively,
at the entrance of the metro station (6 m × 15 m) and at the part
of the sidewalk on Rue la Boetie (6 m × 5 m). The other candidate
position is a part of the south sidewalk on Rue de Miromesnil (1.5 m
× 12 m).

The total areas enclosed by each contour line Ii(x) for each quantity of in-
terest are summarized in Table 3. Let us recall that the contour lines of
the sensitivity indicators are used as the thresholds to identify the smart
placements. In this study, the sensitivity indicator thresholds were chosen
empirically for a limited and reasonable deployment of depolluting panels.
In practice, the threshold can be chosen depending on how much local au-
thorities want to improve air quality and the cost that can be afforded.
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(m2)
South-West sidewalk and road at Bd Malesherbes (I1) 255.7

SW South-West building facade at Bd Malesherbes (I2) 236.2
Sidewalk and road at the intersection of Rue de
Miromesnil (I3)

252.3

NE North-East sidewalk at Bd Malesherbes (I4) 239.6

Table 3: Area of depolluting panel enclosed by I1(x) = 0.1, I2(x) = 0.1, I3(x) = 0.2 and
I4(x) = 0.003.

5. Conclusions and perspectives

The goal of this article was to propose a simple and preliminary oper-
ational numerical strategy for a smart deployment of depolluting panels in
urban areas. These panels can adsorb and degrade a part of traffic pollutants
provided that the pollutants pass near these depolluting surfaces. Hence, we
focused on an efficient placement of panels as regards to urban airflows us-
ing standard CFD models and adjoint formulation. The approach can be
decomposed into two steps. Firstly, in the diagnosis stage, detailed airflow
and pollutant cartographies are computed at the district scale to identify
critical highly-polluted areas. The pollutant concentration in these areas are
designated as “quantities of interest”. Then, in the remediation stage, local
sensitivity analysis is performed through an adjoint framework to determine
a relevant placement of limited depolluting panels with the aim of reducing
the pollutant concentration in localized critical areas. A spatial sensitivity
indicator was introduced and computed on all the surfaces of the domain
to determine the best placement of depolluting panels. The indicator is the
result of the product of the pollutant concentration and the adjoint concen-
tration state. Consequently, the depolluting panels should be deployed on
surfaces having high pollutant concentration and significant impact on the
chosen quantities of interest (i.e. high adjoint concentration).

The numerical strategy for the optimal placement of depolluting accord-
ing to urban airflow was applied to two real cases. The first application is
a small real-scale district named “Sense-City” under controlled airflow and
environmental conditions by way of a huge climatic chamber, with a localized
source of pollutants on the road. In the second application, a real district of
Paris was studied under two representative wind conditions of the Region Ile
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de France and realistic NOx source emissions given by the Airparif agency.
Let us note that only one air quality station was available in the 8th ar-
rondissement of Paris to check the CFD dispersion results, which does not
allow a comprehensive assessment of simulation accuracy over the entire com-
putational domain. In both studied cases, highly polluted areas are observed
on the sidewalks, roads and building facades. To improve the air quality in
these critical areas, the proposed numerical strategy recommends placing de-
polluting panels on a part of the sidewalks, of the building facades and of the
roads adjacent to the sidewalks. By comparing improvement effectiveness in
two panel deployment configurations: smart and non-smart placements, it
was revealed that a massive aleatory deployment of depolluting panels may
not be efficient. Also, it was proved that the urban airflow plays a major
role in the sensitivity indicator level and therefore in the efficient placement
of depolluting panels. The surface area of depolluting panels can be deter-
mined by fixing a threshold value on the sensitivity indicator. In practice,
the local authorities can select the threshold value by considering the bal-
ance between the level of air quality improvement and the maximum area
of depolluting panels (expenditure). Although it was not examined in this
study, combinations with other air pollutant mitigation actions, especially
those that enhance airflow mixing, may enable the panels to be placed more
efficiently.

In the presented results, the first recommendations on depolluting pan-
els placement are essentially given regarding the transport of pollutants via
the urban airflows. Herein, many simplifications have been considered for
easier practical use. Buoyancy effects, traffic-induced turbulence terms, and
tree vegetation are not considered. Moreover, to limit the complexity and
the time computation, the pollutant was modeled as passive (multiple pol-
lutant reactions not considered). Lastly, the degradation of the pollutant
by the depolluting system is described in a simple way using a boundary
condition with a first-order reaction. Despite these simplifying assumptions,
the actual proposed method can distinguish “useless panel placement areas”
corresponding to surfaces having no impact on the improvement of the quan-
tities of interest and “promising panel placement areas”. In future works, a
more sophisticated strategy can be developed to take into account the above
limitations, to extend to exposure level-based quantities of interest and to get
a more precise quantitative evaluation of the “promising panel placement ar-
eas”. For that, multi-pollutant reactions and multi-physics simulations have
to be considered. Indeed, the efficiency of the pollutant degradation based on
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photocatalysis depends on the solar irradiance, the temperature, and many
other physical parameters. To sum up, coupled models providing notably
airflow, solar irradiance, temperature, and pollutant cartographies will allow
an improved prediction of panel pollutant degradation and thus an enhanced
evaluation of the panel placement. At Université Gustave Eiffel, forthcom-
ing controlled air pollution experiments are to be conducted in the district
of the Sense-City equipment to validate the proposed numerical strategy for
the smart placement of ZnO depolluting panels.
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“E3S” funded by Université Gustave Eiffel and Eiffage group and from the
project “Sense-City” funded by ANR (France) within the Investment for the
Future Program under reference number ANR-10-EQPX-48.

Appendix A. Calculation of Lagrange multipliers and adjoint prob-
lem

In Section 2, the constrained minimization problem (6) was rewritten
using the Lagrangian L defined in Eq. (7). After some calculations to find
the saddle point of the Lagrangian, we obtain the following relations between
the Lagrange multipliers

λ2 = −D∇λ1 · n⃗− (v⃗ · n⃗)λ1 on Γo × [0, T ] (A.1)

λ3 = Dλ1 on Γo ∪ Γn × [0, T ] (A.2)

λ4 = −λ1 on Γp × [0, T ] (A.3)

λ5 = λ1(t = 0) on Ω (A.4)

and we can show that the Lagrange multiplier λ1 satisfies

−∂λ1

∂t
− v⃗ · ∇λ1 − div(D∇λ1) = fq ξ in Ω× [0, T ]

λ1 = 0 on Γi × [0, T ]

∇λ1 · n⃗ = 0 on Γn × [0, T ]

−D∇λ1 · n⃗ = kλ1 on Γp × [0, T ]

D∇λ1 · n⃗+ (v⃗ · n⃗)λ1 = 0 on Γo × [0, T ]

λ1(t = T ) = 0 in Ω.

(A.5)
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Thus, Eq. (A.5) corresponds to the adjoint problem. By convenience, we
note C̃(= λ1) the solution of this adjoint problem.

Appendix B. NOx road emissions in Paris district

The NOx emission magnitude (µg/m3/s) of the 44 roads used in the
direct simulation are summarized in Fig. B.17. These data were provided
by the Airparif agency. Emission values represent only traffic-derived NOx.
These values are given as source terms and are emitted as a constant value
of NOx throughout the simulations.

Figure B.17: Data of NOx emission on 44 roads: position of roads (left) and emission
magnitude (right). Note that No.2 and No.3 is summed up and treated as one road.

.
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Navarro, S., Fenoll, J., 2019. Photooxidation of insecticide residues by zno
and tio2 coated magnetic nanoparticles under natural sunlight. Journal of
Photochemistry and Photobiology A: Chemistry 372, 245–253.

Gousseau, P., Blocken, B., Stathopoulos, T., van Heijst, G.J.F., 2011. CFD
simulation of near-field pollutant dispersion on a high-resolution grid: A
case study by LES and RANS for a building group in downtown Montreal.
Atmospheric Environment 45, 428–438.

Grande, F., Tucci, P., 2016. Titanium dioxide nanoparticles: a risk for human
health? Mini reviews in medicinal chemistry 16, 762–769.

Greenshields, C.J., et al., 2015. Openfoam user guide. OpenFOAM Founda-
tion Ltd, version 3, 47.

Gromke, C., Buccolieri, R., Di Sabatino, S., Ruck, B., 2008. Dispersion
study in a street canyon with tree planting by means of wind tunnel and
numerical investigations - Evaluation of CFD data with experimental data.
Atmopheric Environment 42, 8640–8650.

Gromke, C., Jamarkattel, N., Ruck, B., 2016. Influence of roadside hedgerows
on air quality in urban street canyons. Atmospheric Environment 139, 75–
86.

Hagler, G., Tang, W., Freeman, M., Heist, D., Perry, S., Vette, A., 2011.
Model evaluation of roadside barrier impact on near-road air pollution.
Atmospheric Environment 45, 2522–2530.

Hammond, J.K.H., Chakir, R., Bourquin, F., Maday, Y., 2019. Pbdw: A non-
intrusive reduced basis data assimilation method and its application to an
urban dispersion modeling framework. Applied Mathematical Modelling
76, 1–25.

Hang, J., Li, Y., Sandberg, M., 2011. Experimental and numerical studies of
flows through and within high-rise building arrays and their link to venti-
lation strategy. Journal of wind engineering and industrial aerodynamics
99, 1036–1055.

44



He, D., Li, Y., Wu, J., Yang, Y., An, Q., et al., 2017. Carbon wrapped
and doped tio2 mesoporous nanostructure with efficient visible-light pho-
tocatalysis for no removal. Applied Surface Science 391, 318–325.

Hecht, F., 2012. New development in freefem++. Journal of Numerical
Mathematics 20, 251–265. URL: https://freefem.org/.

Hughes, T.J., Mallet, M., Akira, M., 1986. A new finite element formulation
for computational fluid dynamics: Ii. beyond supg. Computer methods in
applied mechanics and engineering 54, 341–355.

Issakhov, A., Omarova, P., 2021. Modeling and analysis of the effects of
barrier height on automobiles emission dispersion. Journal of Cleaner Pro-
duction 296, 126450.

Koutsourakis, N., Bartzis, J.G., Markatos, N.C., 2012. Evaluation of
Reynolds stress, k-epsilon and RNG k-epsilon turbulence models in street
canyon flows using various experimental datasets. Environmental Fluid
Mechanics 12, 379–403.

Le Dimet, F.X., Talagrand, O., 1986. Variational algorithms for analysis and
assimilation of meteorological observations: theoretical aspects. Tellus A
38A, 97–110.

Le Pivert, M., Kerivel, O., Zerelli, B., Leprince-Wang, Y., 2021. Zno nanos-
tructures based innovative photocatalytic road for air purification. Journal
of Cleaner Production 318, 128447.

Le Pivert, M., Zerelli, B., Martin, N., Capochichi-Gnambodoe, M., Leprince-
Wang, Y., 2020. Smart zno decorated optimized engineering materials
for water purification under natural sunlight. Construction and Building
Materials 257, 119592.

Leung, D.Y., 2015. Outdoor-indoor air pollution in urban environment: chal-
lenges and opportunity. Frontiers in Environmental Science 2, 69.

Li, X.X., Liu, C.H., Leung, D.Y.C., Lam, K.M., 2006. Recent progress in
CFD modelling of wind field and pollutant transport in street canyons.
Atmospheric Environment 40, 5640–5658.

45



Meng, X., Liu, C., Chen, R., Sera, F., Vicedo-Cabrera, A., Milojevic, A.,
Guo, Y., Tong, S., Coelho, M., Saldiva, P., Lavigne, E., Correa, P., Or-
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