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 A B S T R A C T

Digital twin (DT) technology is increasingly used in urban planning, leveraging real-time data integration 
for environmental monitoring. This paper presents an urban-focused DT that combines computational fluid 
dynamics simulations with live meteorological data to analyze pollution dispersion. Addressing the health 
impacts of pollutants like particulate matter and nitrogen dioxide, the DT provides real-time updates on air 
quality, wind speed, and direction. Using OpenStreetMap’s XML-based data, the model distinguishes between 
porous elements like trees and solid structures, enhancing urban flow analysis. The framework employs the 
lattice Boltzmann method (LBM) within the open-source software OpenLB to simulate pollution transport. 
Nitrogen dioxide and particulate matter concentrations are estimated based on traffic and building emissions, 
enabling hot-spot identification. The DT was used from November 7 to 23, 2024, with hourly updates, capturing 
pollution trends influenced by wind patterns. Results show that alternating east–west winds during this period 
create a dynamic pollution distribution, identifying critical residential exposure areas. This work contributes a 
novel DT framework that integrates real-time meteorological data, OpenStreetMap-based geometry, and high-
fidelity LBM simulations for urban wind and pollution modeling. Unlike existing DTs, which focus on structural 
monitoring or large-scale environmental factors, this approach enables fine-grained, dynamic analyses of urban 
airflow and pollution dispersion. By allowing interactive modifications to urban geometry and continuous 
data updates, the DT serves as a powerful tool for adaptive urban planning, supporting evidence-based policy 
making to improve air quality and public health.
1. Introduction

With the emergence of Industry 4.0 and the impending Industry 
5.0, the term digital twin (DT) has become a cornerstone in discussions 
about future technological advancements. The concept of DT was first 
introduced by Grieves et al. in 2002 [1]. DTs have been successfully 
applied across a wide range of engineering domains, with each appli-
cation offering unique advantages and presenting specific challenges. 
In manufacturing, DTs replicate real-time production systems, enabling 
continuous monitoring and optimization of processes, and improving 
product quality and efficiency [2,3]. However, the main challenge 
in this domain is the high implementation cost and complexity in 
integrating DTs with existing production systems. In aerospace, DTs are 
used for predictive maintenance and to monitor aircraft conditions in 
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real time, improving safety by forecasting potential failures [4]. While 
this application provides significant benefits in terms of increased reli-
ability and safety, it can be limited by the availability of accurate data 
and the computational burden of simulating complex flight conditions. 
Similarly, in the automotive industry, DTs are employed for monitoring 
vehicle conditions and optimizing performance, with some studies 
focusing on autonomous driving [5]. However, challenges in this area 
include data privacy issues and the need for high-quality sensor data, 
especially in dynamic traffic environments. In civil engineering, DTs 
play a vital role in monitoring structural health, such as in the case of 
bridges, buildings, and dams [6–9]. These applications enable real-time 
assessments of structural stability and the prediction of failures before 
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they occur. However, the challenges here include the need for high-
precision sensors and models to ensure accurate predictions, as well 
as the cost of deploying DT systems at large scales. In construction, 
DTs are used for improving project visualization, tracking construction 
progress, and enhancing life cycle management [10]. While these ap-
plications improve planning and decision-making, they often require 
significant resources and expertise to create and maintain the DT. 
Additionally, the integration of various software tools and databases 
can lead to compatibility issues. When it comes to DTs for urban envi-
ronments, external factors such as air pollution and high wind speeds in 
narrow street canyons must be carefully considered. Recent advances 
have been made in developing DTs for cities, which aim to enhance 
urban planning and environmental management. Schrotter et al. [11] 
presented a DT for urban planning that monitors environmental factors 
such as noise, temperature, and pollution. However, in their work, 
they did not rely on computational fluid dynamics (CFD) with current 
environmental data to predict the distribution of these factors. Instead, 
they used historical data to provide a general overview of environ-
mental distributions. For more accurate predictions, a model capable 
of integrating real-time data from measurement stations is necessary. 
In this regard, various models have been developed to simulate wind 
and pollution distribution, even if they are not directly updateable 
with real-time data. Pasquier et al. [12] employed the lattice Boltz-
mann method (LBM) with the open-source software OpenLB [13–15] 
to simulate traffic emission distribution in a city and validated the 
model. Similarly, Van Hooff et al. [16] simulated airflow around urban 
structures, while Jeanjean et al. [17] examined the effects of trees 
on pollution dispersion in cities, using a wind tunnel for validation. 
Taleb et al. [18] studied how trees act as windshields, reducing dust 
particle concentrations in desert cities.

The relevance of this research lies in the adverse health effects 
caused by air pollution, e.g., through exposure to particulate mat-
ter [19] and gaseous substances such as nitrogen dioxide [20], which 
impact respiratory and cardiovascular health. Monitoring the pollution 
distribution (e.g., by government-official monitoring sites) and integrat-
ing this data into urban planning is crucial for public health. Within 
the revision of the EU Ambient Air Quality Directive, monitoring of 
non-regulated ‘‘new pollutants’’ such as ultra fine particles or black 
carbon is becoming mandatory. Depending on the size and the number 
of inhabitants of the member state, there is an obligation to install a 
number of ‘‘supersites’’ that monitor these pollutants. However, ultra 
fine particles and other pollutant concentrations are known to fluctuate 
and local exposure depends strongly on the transmission conditions as 
well as the spatial and temporal behavior of pollutant sources [21]. 
The challenges arise from the complexity of identifying the sources 
of pollution and their impact on local ambient concentration lev-
els [22]. For example, Dröge et al. [23] showed the significance of 
pollutant transmission for ultra fine particle concentrations from air 
traffic and the high temporal variations. Other prominent urban sources 
of (ultra)fine particles and air pollution are traffic [24] and public 
transport [25]. Furthermore, heating from wood stoves and other com-
bustion processes, such as barbecues, can cause a significant increase 
in particle concentration and gaseous pollutants, especially in densely 
populated (residential) areas [26]. Spatially resolved measurements 
to investigate local particle concentrations are associated with a high 
amount of measurement effort [27] or limited accuracy considering 
the use of distributed low-cost sensors [28]. Therefore, simulations 
are an excellent tool to predict pollutant transmission and determine 
local concentration levels in the context of limited numbers of moni-
toring sites. Although previous studies have leveraged DTs for urban 
applications, they have focused primarily on structural integrity or 
large-scale environmental factors such as noise. However, a DT specifi-
cally designed to model wind distribution and air pollution in urban 
areas, while integrating real-time meteorological data and enabling 
interactive geometry adjustments using OpenStreetMap (OSM) [29], 
remains largely unexplored. To address these gaps, this paper presents 
a novel DT that:
2 
• Utilizes the homogenized lattice Boltzmann method (HLBM) for 
accurate and computationally efficient fluid simulations in urban 
environments,

• Integrates real-time meteorological data to dynamically update 
wind and air pollution distributions, enhancing the realism of 
simulations,

• Enables interactive urban geometry adjustments using OSM, al-
lowing flexible adaptation to evolving city structures and plan-
ning scenarios.

By combining these elements, our DT framework extends beyond tradi-
tional static urban models, providing a dynamic and interactive tool for 
air quality monitoring and urban planning. The remainder of this paper 
is structured as follows: Section 2 outlines the methodology, including 
the DT concept, integration of OSM data, mathematical modeling, 
and discretization using HLBM. Section 3 presents the validation of 
the numerical approach using experimental data. Finally, Section 4 
discusses the DT results, followed by the conclusions in Section 5.

2. Methodology

2.1. Concept and workflow of digital twin for urban areas

The proposed DT concept and workflow, illustrated in Fig.  1, is cen-
tered on a simulation framework with two primary interfaces. The first 
interface enables automatic updates to the simulation using real-time 
data from measuring stations, while the second is a manual interface 
that allows users to adjust the geometry in the simulation, integrating 
and removing data from OSM into the simulation. Creating a DT for 
urban environments requires the consideration of multiple dynamic 
factors, especially when the objective is to assist urban planners and 
policymakers in making data-driven decisions. One critical application 
of this DT is to assess the distribution of pollutants, such as partic-
ulate matter and nitrogen dioxide, throughout the city. Identifying 
sources of pollution poses significant challenges, especially with par-
ticulate matter, which originates from various sources such as traffic, 
industrial emissions, and domestic heating. This complexity is further 
compounded by the limitations of current measurement infrastructure, 
as most urban measuring stations provide only localized point-based 
data. This concept is based on the idea of giving city planners and 
policymakers the ability to insert, for example, a new pollution source 
into the area and manipulate the distribution by inserting trees and 
buildings. To use it as a planning tool, it is significant that the perfor-
mance is good enough to give reasonable, quick results. For that reason, 
we use the open-source software OpenLB which allows the use of GPUs 
and is highly scalable by using more GPUs.

2.2. Interactive data input

To ensure that the DT accurately reflects the state of its physical 
counterpart, the urban area, there must be a constant exchange of data. 
For this purpose, we utilize publicly available measuring stations that 
provide real-time information on wind speed, wind direction, and the 
concentrations of particulate matter and nitrogen dioxide. This data is 
then used to update the DT at regular intervals, showcasing the current 
state of the monitored area. By averaging the results over a longer 
period, pollution hot spots are identified.

2.3. OpenStreeMap

In addition to data from measuring stations, information about the 
types of buildings and objects in the area is also crucial. For this, we use 
the open-source map OSM, which stores data in an XML-based format. 
Each object is marked with a specification of what kind of object it is, 
allowing us to differentiate between porous objects such as trees and 
solid structures. Since the data is XML-based, it is easy to add or remove 
information, making it suitable for planning urban areas and exploring 
different scenarios.
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Fig. 1. Concept and workflow of the urban DT. (a) Conceptual visualization of the urban DT, illustrating key data elements such as buildings and porous zones (Section 2.3.3), 
pollution sources (including vehicles and buildings) (Section 2.4), and meteorological factors like wind speed and direction, which dynamically update the numerical model 
(Section 2.5). (b) Workflow of the DT, highlighting continuous updates through real-time meteorological data.
2.3.1. Parsing OSM data
The first step involves reading and interpreting OSM XML files 

using the TinyXML2 [30] library. The nodes and ways, which are the 
fundamental elements of OSM, are parsed for relevant geographical 
data.

Nodes parsing. Nodes represent specific points with latitude and longi-
tude. These are extracted as key–value pairs using attributes like lat and 
lon. The nodes are stored in an unordered_map to allow a quick lookup 
by their unique identifiers (IDs). If a node represents a tree, additional 
tags such as leaf_type and height are parsed. Tags are analyzed using 
a function that checks the presence of natural tags like tree, wood, or 
scrub.

Ways parsing. Ways are sequences of nodes that define streets, build-
ings, or other linear/area features. Attributes for specific way types 
are filtered. Buildings are identified using a predefined set of building-
related tags (e.g. residential, commercial) and are represented as a 
list of their footprint nodes. Roads are parsed by their name and 
width when available. Trees and natural features are parsed similarly, 
focusing on attributes like height or species.

Fig.  2 illustrates the parsing process for nodes and ways, highlight-
ing the extraction of essential attributes and relationships between OSM 
elements.

2.3.2. Data transformation and filtering
Parsed data undergoes transformation to prepare it for 3D geometry 

creation or visualization.

Building data transformation. Building footprints are transformed into 
local UTM (Universal Transverse Mercator) coordinates: The UTM zone 
is dynamically determined on the basis of the longitude of the first 
building node. Using the PROJ library, all geographical coordinates 
are converted into projected coordinates relative to the calculated 
UTM zone. To ensure compatibility with local systems, a translation 
is applied to shift coordinates into a local reference frame.

Tree and natural feature processing. Trees are processed similarly, with 
special attention to their height and species. If height is not explicitly 
defined, default values are assigned to avoid anomalies. Tree rows and 
areas (e.g., forest, scrubs) are treated as collections of nodes.

2.3.3. Geometry creation
The processed data is used to create 3D geometries that represent 

the extracted OSM elements.
3 
Buildings. Building geometries are constructed as 3D prisms, with foot-
prints that define the base and the height determined by the parsed 
or default values. Indicator polygons are created using the Indicator-
Polygon3D class to encapsulate the footprint points. Fig.  3(a) shows 
the footprint of the sample building extruded into a 3D volume.
Streets. Street geometries are expanded to 3D surfaces based on their 
width. A defined width or default value (e.g. 5 m) is applied to cal-
culate a polygonal representation of the street area, ensuring complete 
coverage beyond simple outlines.
Trees. Tree geometries are created using cylindrical trunks and spher-
ical crowns:

The trunk is represented by a cylinder with a fixed or parsed radius 
and height. The crown is visualized as a sphere placed at the top of 
the trunk. Variations in leaf type and height are taken into account to 
enhance realism, as shown in Fig.  3(b).
Result of the geometry extraction. The methods described above were 
applied to an OSM map within the bounding box defined by longitude 
(9.2063390–9.2118430) and latitude (48.4886460–48.4918950). This 
process generated the geometry shown in Fig.  5, which illustrates 
streets, buildings, and porous objects such as trees and shrubs colored 
green. This extracted geometry serves as the basis for the simulation 
setup used in the DT.

2.4. Identification of sources

To address the challenge of identifying sources of pollution, some 
assumptions must be made. Research indicates that most nitrogen 
dioxide pollution can be traced back to traffic emissions [31]. Although 
some of the pollution comes from factories, we assume that most is 
mainly from traffic. With this assumption, in case that no vehicle 
counters are present we can roughly estimate the number of cars on 
the street where the measurement station is located.

We first calculate the volume of the street by taking the length 
𝐿, width 𝑊 , and height 𝐻 of the measuring station, which is ap-
proximately 5 meters above the ground. The volume 𝑉  is given by 

𝑉 = 𝐿 ×𝑊 ×𝐻. (1)

By multiplying the measured concentration 𝐶 of nitrogen dioxide 
with the volume 𝑉 , we can calculate the total nitrogen dioxide TNO2
on the street: 
TNO2 = 𝐶𝑉 . (2)
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Fig. 2. Parsing workflow of OSM data, illustrating the extraction and categorization of nodes and ways into buildings and streets.
Fig. 3. (a) Illustration of the extrusion process, where a 2D building footprint is extended into a 3D volume based on building height, starting from the ground up. (b) 3D 
representations of a tree (left) and shrubs (right). The tree consists of a cylindrical trunk and crown, while shrubs are modeled as extruded volumes.
Fig. 4. Simulation geometry generated with OSM data. Depicted are buildings in purple, streets in gray and porous objects such as trees and scrub in green. (For interpretation 
of the references to colour in this figure legend, the reader is referred to the web version of this article.)
To estimate the number of cars 𝑁 on the street, we divide the total 
nitrogen dioxide by the median emissions 𝐸 of a car, which is 0.3 g

km : 

𝑁 =
TNO2
𝐸

. (3)

In addition to traffic, many other sources can contribute to increased 
levels of air pollution. With the estimated number of cars, we can 
calculate the contribution of the particulate matter emitted by the cars. 
By subtracting that amount from the measured value, we can define the 
amount contributed by other sources (e.g. buildings).
4 
2.5. Mathematical modeling of urban areas

Modeling porous objects inside an urban area can be very chal-
lenging because of the presence of smaller elements, such as leaves 
on trees, which are difficult to resolve. To avoid the computational 
expense of resolving such small objects, we model them and assume 
an even distribution of solid materials interspersed with empty spaces, 
as shown in Fig.  5. The illustration shows a unified geometric model 
according to Simonis et al. [32] of a porous structure, where the unit 
cells are indicated by 𝑌 𝜖 with 𝜖 representing the side length. The overall 
𝑖
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Fig. 5. Geometric model of a porous medium in three dimensions (𝑑 = 3). Left: Subvolume of the porous medium, showing the arrangement of spherical obstacles within the 
matrix. Right: Detailed view of the 𝑖th cell, denoted as 𝑌 𝜖

𝑖 , containing a spherical obstacle 𝑌 𝜖
So,𝑖, with radius 𝑎𝜖 . Each cell is a cube with side length 𝜖.
fluid domain 𝛺𝜖 is obtained by removing the solids, i.e. 

𝛺𝜖 = 𝛺 ⧵
𝑁(𝜖)
⋃

𝑖=1
𝑌 𝜖
So,𝑖, (4)

where 𝑌 𝜖
So,𝑖 denotes the solid part of a unit cell, and 𝑁(𝜖) counts their 

overall number within the porous region 𝛺.

2.6. Homogenized filtered Brinkman–Navier–Stokes equation

The Navier–Stokes equations (NSE) for incompressible flow govern 
the motion of fluids and are fundamental in fluid dynamics. The NSE 
consist of two primary equations: the mass conservation equation and 
the momentum equation. To overcome the computational costs of 
resolving the Kolmogorov scale in turbulent flows, we use a spatial 
filtering operation that is denoted as ⋅̄  below. The mass conserva-
tion equation ensures that the fluid density remains constant and is 
expressed as 
𝛁 ⋅ 𝒖̄𝜖 = 0, in 𝛺𝜖 × 𝐼, (5)

where 𝒖̄𝜖 is the filtered velocity vector of the fluid and 𝐼 ⊆ R>0 denotes 
the time horizon. The momentum equation describes the balance of 
forces acting on the fluid and is given by 
𝜕𝒖̄𝜖
𝜕𝑡

+ 𝒖̄𝜖 ⋅ 𝛁𝒖̄𝜖 = −
𝛁𝑝̄𝜖
𝜌

+ 𝜈mo𝛁2𝒖̄𝜖 +
𝑭
𝜌

− 𝛁 ⋅ 𝐓, in 𝛺𝜖 × 𝐼, (6)

where 𝑝̄𝜖 is the filtered pressure, 𝜌 is the fluid density, 𝜈mo is the 
molecular kinematic viscosity of the fluid, and 𝑭  is the external force 
acting on the fluid. The additional term 𝛁 ⋅ 𝐓 represents the effects of 
filtering approximated, for example, as small-scale turbulence, modeled 
using a subgrid-scale stress tensor in large eddy simulation (LES).

Fluid flow through porous media is strongly influenced by the 
porous structure, which adds additional resistance to the motion of 
the fluid. To account for this, the NSE on an obstacle level (resolving 
the porous media) are homogenized with a critical obstacle size (cf. 
Simonis et al. [32]). The homogenization limit in this case results in 
incorporating the Brinkman-term while also applying a filtering opera-
tion to capture large-scale turbulence effects using LES. This yields the 
filtered Brinkman–Navier–Stokes equations (FBNSE) 
{

𝛁 ⋅ 𝒖̄ = 0, in 𝛺 × 𝐼,
𝜕𝒖̄ 𝛁𝑝̄ 2 𝜈mo

(7)

𝜕𝑡 + 𝒖̄ ⋅ 𝛁𝒖̄ = − 𝜌 + 𝜈mo𝛁 𝒖̄ + 𝐾 𝒖̄ − 𝛁 ⋅ 𝐓sgs, in 𝛺 × 𝐼,

5 
where 𝐾 > 0 is the permeability coefficient of the porous medium and 
is given by the Forchheimer equation 

𝐾 =
𝜇𝐹𝑄

𝐴
(

𝛥𝑃
𝐿 − 𝜌

𝐾𝛽

𝑄2

𝐴2

) , (8)

with 𝜇𝐹  being the dynamic viscosity of the fluid, 𝑄 the volume flow 
rate, 𝐿 the characteristic length, 𝐴 the projected area, ▵ 𝑃  the pressure 
difference and 𝐾𝛽 the nonlinear permeability coefficient. The term 𝜈mo

𝐾 𝒖̄
represents the additional resistance due to the porous structure, which 
is proportional to the viscosity of the fluid and inversely proportional 
to the permeability. In (7), we approximate 𝐓 ≈ 𝐓sgs such that the 
term 𝛁 ⋅ 𝐓sgs accounts for the subgrid-scale turbulence modeled by the 
Smagorinsky LES approach

𝐓sgs = 2𝜈turb𝐒̄, (9)

𝜈turb =
(

𝐶S ▵𝒙
)2

|

|

𝐒̄|
|

, (10)

where 𝐶S > 0 is the Smagorinsky constant, ▵𝒙 is the filter width, and 
𝐒̄ is the filtered strain rate tensor: 

𝑆̄𝛼𝛽 = 1
2

(

𝜕𝑢̄𝛼
𝜕𝑥𝛽

+
𝜕𝑢̄𝛽
𝜕𝑥𝛼

)

. (11)

In particular, in the simulations conducted in this work, we make use 
of a composition of pure fluid regions and homogenized porous media 
regions in the overall model such that 𝐾 in the Brinkman-term becomes 
space-dependent.

However, it is essential to account for not only advection effects but 
also the influence that porous media have on diffusion. The advection–
diffusion equation (ADE) for porous media based on the formulation 
according to Lasaga et al. [33] is given as 
𝜕(𝛷𝐶)
𝜕𝑡

+ 𝛁 ⋅ (𝛷𝐶𝒖̄) = 𝐷𝛁 ⋅ (𝛷𝛁𝐶), in 𝛺 × 𝐼, (12)

where 𝐶 is the concentration, 𝐷 is the diffusion coefficient, and 𝛷
represents the local porosity. Together with the initial and bound-
ary conditions considered in Section 3.2.1, (7) and (12) form the 
mathematical model considered in this work.
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Fig. 6. A schematic illustration of the discrete velocity sets (a) 𝐷3𝑄7 and (b) 𝐷3𝑄19. 
Coloring refers to energy shells: orange, cyan, green denote zeroth, first, second order, 
respectively.
Source: Figure from [37].

2.7. Numerical methods and discretization

2.7.1. The homogenized lattice Boltzmann method for fluid flows
Due to the high computational costs required for our DT framework, 

we use the HLBM to discretize the FBNSE (7) on a space–time grid, 
using the 𝐷3𝑄19 velocity stencil illustrated in Fig.  6. The HLBM inherits 
the classical advantages of LBM in terms of high parallelizability and 
efficient scaling with increasing hardware capabilities [34]. In this 
work, we extend the HLBM initially proposed by Krause et al. [35] with 
the hybrid third-order recursive regularized collision model proposed 
by Jacob et al. [36]. First, we summarize the resulting space–time 
evolution equation and, afterwards, specify the individual features. 
Note that, for compactness of notation, we abandon the ⋅̄ -notation of 
the filtered quantities below.

The filtered and homogenized lattice Boltzmann equation approxi-
mating the FBNSE (7) is given by 

𝑓𝑖(𝒙 + 𝒄𝑖 ▵ 𝑡, 𝑡+ ▵ 𝑡) = 𝑓 h,eq
𝑖 (𝒙, 𝑡) +

(

1 − 1
𝜏eff (𝒙, 𝑡)

)

𝑓 (1)
𝑖 (𝒙, 𝑡), in 𝛺▵𝑥 × 𝐼▵𝑡,

(13)

where 𝑓𝑖 ∶ 𝛺▵𝑥 × 𝐼▵𝑡 → R≥0 represents the filtered distribution 
functions, 𝒄𝑖 denote the 𝑞 mesoscopic velocities in 𝐷3𝑄19, where 𝑖 =
0, 1,… , 𝑞 − 1, 𝛺▵𝑥 ⊂ 𝛺 ⊆ R3 is the discretized position space domain 
with voxel size ▵ 𝑥, and 𝐼▵𝑡 ⊂ 𝐼 ⊆ R≥0 is the discrete time horizon 
with timestep size ▵ 𝑡. Moreover, 𝜏eff  is the space–time adaptive, effec-
tive relaxation time of the naive Smagorinsky Bhatnagar–Groos–Krook 
(BGK) model, given by 

𝜏eff (𝒙, 𝑡) =
𝜈eff (𝒙, 𝑡)

𝑐2s

▵ 𝑡
▵ 𝑥2

+ 1
2
, (14)

with 𝜈eff = 𝜈mo + 𝜈turb representing the combined molecular and 
turbulent viscosity (10) and 𝑐s is the lattice speed of sound. The regular-
ization in (13) is based on the non-equilibrium function 𝑓 (1)

𝑖 = 𝑓𝑖 − 𝑓 (0)
𝑖

that is expanded as 

𝑓 (1)
𝑖 (𝒙, 𝑡) = 𝜔𝑖

𝑁=3
∑

𝑛=0

1
𝑐2𝑛s 𝑛!

𝐇(𝑛)
𝑖 ∶ 𝐚(𝑛)1 (𝒙, 𝑡), (15)

where 𝜔𝑖 are the lattice weights and we denote by 𝐇(𝑛)
𝑖  the 𝑛th order 

Hermite polynomial with the 𝑖th discrete velocity 𝒄𝑖 as an argument. 
The Hermite coefficient for the non-equilibrium is defined as 

𝐚(𝑛)1 (𝒙, 𝑡) =
𝑞−1
∑

𝑖=0
𝐇(𝑛)

𝑖 𝑓 (1)
𝑖 (𝒙, 𝑡), (16)

Note that according to [36], we use Hermite polynomials that have 
correct orthogonality for 𝐷3𝑄19 only. Then we add the hybridization 
of rate of strain via 
𝑓 (1)
𝑖 (𝒙, 𝑡) = 𝑓 (1)

𝑖 (𝒙, 𝑡)𝜎 − (1 − 𝜎)
𝜌𝜏
2
𝐇(2)

𝑖 ∶ 𝐒FD(𝒙, 𝑡), (17)

𝑐s

6 
where 0 ≤ 𝜎 ≤ 1 and 

𝑆FD
𝛼𝛽 ≈ 𝑆𝛼𝛽 +

1
2

[

1
6
▵ 𝑥2

(

𝜕3𝑢𝛽
𝜕𝑥3𝛼

+
𝜕3𝑢𝛼
𝜕𝑥3𝛽

)]

(18)

is the finite difference (FD) strain rate tensor. Notably, 𝜎 = 1 switches 
off the FD contribution and reduces the model to a recursively regu-
larized, homogenized Smagorinsky BGK collision. Further, extending 
the method to homogenized fluid flow, we define the homogenized 
equilibrium Hermite coefficients ̂𝐚(𝑛)0 = 𝐚(𝑛−1)0 𝒖̂ with ̂𝐚(0)0 = 𝜌. Then, the 
homogenized equilibrium distribution function is defined as 

𝑓 h,eq
𝑖 (𝒙, 𝑡) = 𝜔𝑖

(

𝜌(𝒙, 𝑡) +
𝒄𝑖 ⋅ (𝜌 𝐮̂(𝒙, 𝑡))

𝑐2s
+

𝐇(2)
𝑖 ∶ 𝐚̂(2)0 (𝒙, 𝑡)

2𝑐4s
+

𝐇(3)
𝑖 ∶ 𝐚̂(3)0 (𝒙, 𝑡)

2𝑐6s

)

,

(19)

where 𝜌 is the zeroth order density moment and ̂𝒖 is the homogenized 
macroscopic velocity field that incorporates the permeability effects in 
(7) from the partial homogenization of the domain. In the general case 
(moving solid objects [35]) the homogenized velocity is defined as a 
convex combination of the fluid velocity moment 𝒖 and the solid object 
velocity 𝒖B, given by 
𝒖(𝒙, 𝑡) = (1 − 𝑑(𝒙, 𝑡))𝒖(𝒙, 𝑡) + 𝑑(𝒙, 𝑡)𝒖B(𝒙, 𝑡), (20)

where 𝑑 is the so-called lattice porosity. In the present case (rigid 
obstacles, i.e. 𝒖B = 0), (20) reduces to 
𝒖(𝒙, 𝑡) = (1 − 𝑑(𝒙, 𝑡))𝒖(𝒙, 𝑡), (21)

where 

𝑑(𝒙, 𝑡) = 1 −
▵ 𝑥2𝜈𝜏mo
𝐾(𝒙, 𝑡)

, (22)

the permeability given in (7) is identified with 𝐾 and 𝜏mo is the 
molecular relaxation time, defined similarly as in (14) but with 𝜈mo.

In [32], a standalone derivation and analysis of the continuous 
homogenized kinetic model with a BGK collision for fluid flow in 
porous media is proposed. For unfiltered fields, a formal estimate for 
the order of approximation is derived in [37]. In general, the fluid 
velocity moment 𝒖 from (13) is expected to provide a second-order 
approximation in space of a filtered velocity solution of (7).

2.8. The homogenized lattice Boltzmann method for advection–diffusion 
processes

So far, HLBM (13) recovers the flow in and around porous media 
modeled by (7). When coupled with a discretization of the ADE (12), 
the overall numerical method is able to reflect the unique behavior of 
the particles within a porous environment. To incorporate these effects 
into the HLBM, a second lattice Boltzmann equation is coupled to (13) 
that includes a correction term . This term is derived below and 
accounts for temporal and spatial variations in porosity, enabling an 
accurate reflection of the local concentration within the porous media.

The correction term is derived by expanding each component of (12) 
separately and isolating the temporal and spatial variations of 𝛷. The 
first term of (12) is expanded using the time derivative as 
𝜕(𝛷𝐶)
𝜕𝑡

= 𝛷𝜕𝐶
𝜕𝑡

+ 𝐶 𝜕𝛷
𝜕𝑡

. (23)

Similarly, the advective term is expanded as 
𝛁 ⋅ (𝛷𝐶𝒖) = 𝛷𝒖 ⋅ 𝛁𝐶 + 𝐶𝒖 ⋅ 𝛁𝛷 + 𝐶𝛷(𝛁 ⋅ 𝒖), (24)

and the diffusive term expands to 
𝐷𝛁 ⋅ (𝛷𝛁𝐶) = 𝐷(𝛁𝛷) ⋅ 𝛁𝐶 +𝐷𝛷𝛁2𝐶. (25)

Combining the temporal and spatial variations from (23) to (25), we 
obtain the correction term 
 = −𝐶

𝜕𝑡𝛷 1 − 𝐶𝒖 (1 +𝐷𝛁𝐶) 𝛁𝛷 . (26)

𝜕𝑡 𝛷 𝛷
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With a finite difference approximation of (26) we get
(𝒙𝒋 , 𝑡𝑛) ≈ ▵𝑥,▵𝑡(𝒙𝒋 , 𝑡𝑛) (27)

= − 𝐶𝑛
𝒋

𝛷𝑛
𝒋 −𝛷𝑛−1

𝒋

𝛷𝑛
𝒋 ▵ 𝑡

− 𝐶𝑛
𝒋

(

𝑢𝑥
𝛷𝑛

𝒋+(1,0,0) −𝛷𝑛
𝒋−(1,0,0)

2𝛷𝑛
𝒋 ▵ 𝑥

+ 𝑢𝑦
𝛷𝑛

𝒋+(0,1,0) −𝛷𝑛
𝒋−(0,1,0)

2𝛷𝑛
𝒋 ▵ 𝑥

+ 𝑢𝑧
𝛷𝑛

𝒋+(0,0,1) −𝛷𝑛
𝒋−(0,0,1)

2𝛷𝑛
𝒋 ▵ 𝑥

)

+ 𝐷

⎛

⎜

⎜

⎜

⎝

(

𝐶𝑛
𝒋+(1,0,0) − 𝐶𝑛

𝒋−(1,0,0)

)(

𝛷𝑛
𝒋+(1,0,0) −𝛷𝑛

𝒋−(1,0,0)

)

4𝛷𝑛
𝒋 ▵ 𝑥2

+

(

𝐶𝑛
𝒋+(0,1,0) − 𝐶𝑛

𝒋−(0,1,0)

)(

𝛷𝑛
𝒋+(0,1,0) −𝛷𝑛

𝒋−(0,1,0)

)

4𝛷𝑛
𝒋 ▵ 𝑥2

+

(

𝐶𝑛
𝒋+(0,0,1) − 𝐶𝑛

𝒋−(0,0,1)

)(

𝛷𝑛
𝒋+(0,0,1) −𝛷𝑛

𝒋−(0,0,1)

)

4𝛷𝑛
𝒋 ▵ 𝑥2

⎞

⎟

⎟

⎟

⎠

(28)

for ⋅ (𝒙𝒋 , 𝑡𝑛) = ⋅ 𝑛𝒋 at grid nodes 𝒙𝒋 ∈ 𝛺▵𝑥 and time steps 𝑡𝑛 ∈ 𝐼▵𝑡, 
which is second order in space and first order in time. Asymmetric 
stencils of the same order are used at the domain boundaries. The LBM 
discretization of the advection–diffusion process, including a modified 
collision operator to account for spatial porosity variations through 
homogenization, is expressed as

𝑔𝑖(𝒙 + 𝒄𝑖 ▵ 𝑡, 𝑡+ ▵ 𝑡) − 𝑔𝑖(𝒙, 𝑡) =
1
𝜏𝐷

(

𝑔eq𝑖 (𝒙, 𝑡) − 𝑔𝑖(𝒙, 𝑡)
)

+ 𝐽 por (𝒙, 𝑡), in 𝛺▵𝑥 × 𝐼▵𝑡, (29)

where 𝜏𝐷 is connected to the diffusivity 𝐷 similarly as in (10). The 
equilibrium distribution function 𝑔eq𝑖 , representing the equilibrium con-
centration distribution, is given by 

𝑔eq𝑖 (𝒙, 𝑡) = 𝑤𝑖𝐶(𝒙, 𝑡)

(

1 +
𝒄𝑖 ⋅ 𝒖(𝒙, 𝑡)

𝑐2s

)

, (30)

where 𝒖 is the velocity moment from (13) and the concentration 
𝐶 is calculated as the zeroth moment of the populations 𝑔𝑖 with 
an additional term derived from the second-order finite difference 
approximation of (26) named ▵𝑥,▵𝑡 and defined in (28), i.e. 

𝐶(𝒙, 𝑡) =
∑

𝑖
𝑔𝑖(𝒙, 𝑡) +

1
2
▵𝑥,▵𝑡(𝒙, 𝑡). (31)

The additional collision term, 𝐽 por in (29), is introduced to adjust the 
transport dynamics in response to spatial porosity variations and reads 

𝐽 por (𝒙, 𝑡) =
(

1 − 1
2𝜏𝐷

)

𝑤𝑖▵𝑥,▵𝑡(𝒙, 𝑡). (32)

The term (32) modifies the overall collision operator to ensure that 
the equilibrium distribution and the transport properties adapt to local 
porosity changes. The porosity 𝛷 is incorporated in (29) by using the 
lattice porosity 𝑑(𝒙, 𝑡) from (22) in the correction term ▵𝑥,▵𝑡. Due to 
the linearity of (30), we use the 𝐷3𝑄7 velocity set (see Fig.  6) to reduce 
computational effort. The second order in space of approximations by 
LBMs for advection–diffusion equations has been proven among others 
by Simonis et al. [37–39].

3. Validation

In this section, we present the validation of our numerical approach 
by comparing simulation results against analytical solutions and exper-
imental data. First, we validate the proposed double-distribution HLBM 
with a correction term using an analytical benchmark, ensuring the 
7 
accuracy of the method in solving coupled FBNSE and ADE systems in 
porous media. Second, we assess the simulation results against wind 
channel experiments to confirm the applicability of the model for 
real-world urban flow scenarios.

3.1. Validation of HLBM with correction term

To validate the effectiveness of the HLBM ((13) and (29)) with 
the correction term (28) introduced to approximate the FBNSE (7) 
coupled to the ADE (12) in porous media, the numerical results are 
compared with an analytical solution. The analytical solution serves as 
a benchmark and is given by the following equations:

𝛷(𝒙, 𝑡) = 0.5 + 0.4 sin(2𝜋(𝑥 − 𝑢p𝑡)), (33)

𝐶(𝒙, 𝑡) = 1
𝛷(𝒙, 𝑡)

, (34)

𝒖(𝒙, 𝑡) = 𝐷𝛷(𝒙, 𝑡)𝛁𝐶(𝒙, 𝑡). (35)

The analytical solution represents a sinusoidal scalar field 𝛷(𝒙, 𝑡) that 
propagates in the 𝑥-direction with a propagation speed 𝑢p. This form 
is commonly used in theoretical studies, as it satisfies the ADE under 
idealized conditions, incorporating both advection (through 𝑢p) and 
diffusion (through 𝐷). To evaluate the performance of the HLBM 
approach, the error was analyzed in terms of different norms (𝐿1, 𝐿2

and 𝐿∞) across a range of resolutions and are defined as

𝐿1 = 1
𝑛

𝑛
∑

𝑖=1
|𝐶𝑖 − 𝐶 true𝑖 | (36)

𝐿2 =

√

√

√

√

1
𝑛

𝑛
∑

𝑖=1
(𝐶𝑖 − 𝐶 true𝑖 )2 (37)

𝐿∞ = max
1≤𝑖≤𝑛

|𝐶𝑖 − 𝐶 true𝑖 | (38)

where 𝑛 is the number of computational cells. The experimental order 
of convergence (EOC) in Fig.  7 illustrates the convergence of the error 
to the analytical solution as the resolution improves. The consistent 
decrease in error for all norms confirms the stability and accuracy 
of the method. Specifically, the second-order observed EOC matches 
the theoretical expectations, demonstrating that the correction term 
successfully enhances the numerical approach.

The results validate the applicability of the HLBM with the cor-
rection term for modeling ADEs in porous media. This is particularly 
relevant for complex porous structures, such as urban environments, 
where accurate simulations of pollutant transport are essential. The 
observed convergence trends highlight the robustness of the method.

3.2. Validation with experimental data from a wind channel

In order to validate the simulation part of the DT with the HLBM 
approach we use the work of Gromke et al. [40] where they validate the 
CFD results from the software FLUENT with measurements from a wind 
channel. The geometric setup is made up of two solid square blocks, 
which represent buildings with the between being a street canyon with 
a porous zone representing a tree in the middle as shown in Fig.  8.

3.2.1. Setup
Two setups were used for the simulations, both following the ge-

ometrical setup of the experiment by Gromke et al. [40] and the 
simulation setup from [41], as shown in Fig.  8. The complete boundary 
configuration is described as 

𝛤 = 𝜕𝛺 = 𝛤in ∪ 𝛤out ∪ 𝛤ground ∪ 𝛤wall ∪ 𝛤sky ∪ 𝛤lef t ∪ 𝛤right ∪ 𝛤e. (39)

The homogenized porous media region that models the trees is indi-
cated as 𝛤  (see Fig.  8) and is used in one of the setups. The ground 
tree
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Table 1
Physical and numerical parameters. Units are denoted in brackets.
 𝑅𝑒 [−] 𝑆𝑐t [−] 𝑈H [m∕s] ▵ 𝑥 [m] ▵ 𝑡 [s] 𝑈𝑒 [m∕s] 𝑇tot [s] 𝐻 [m] #cells  [−]  
 37,000 0.3 4.65 2 × 10−2 1.8 × 10−5 0.2054 25 0.12 438.705 × 106 
Fig. 7. Experimental order of convergence of the error norms 𝐿1, 𝐿2 and 𝐿∞ to an 
analytical solution. It shows that the error gets smaller with higher resolution.

𝛤ground and 𝛤wall are set to no-slip Dirichlet conditions, enforcing zero 
velocity at these surfaces, i.e. 

𝒖(𝒙, 𝑡) = 𝟎, on 𝛤𝑘 × (0, 𝑇 ], ∀𝛤𝑘 ∈ {𝛤ground, 𝛤wall}. (40)

We use a full-slip boundary condition for the fluid velocity at the open 
boundaries, i.e. 

𝒖(𝒙, 𝑡) ⋅ 𝒏 = 0 on 𝛤𝑘 × (0, 𝑇 ], ∀𝛤𝑘 ∈ {𝛤sky , 𝛤lef t , 𝛤right}, (41)

where 𝒏 is the outward pointing normal vector. Specifically, a full 
slip boundary condition is applied at 𝛤sky, allowing tangential flow 
without friction. At the inflow 𝛤in we apply a Dirichlet condition with 
an interpolated inlet velocity profile, while at the outflow 𝛤out we use a 
fixed pressure boundary, allowing natural flow out of the domain. For 
the inlet 𝛤in, the same velocity profile as in [12] is used, depicted as 

𝑢(𝑧) = 𝑈H

(

𝑧
𝑧H

)𝛼
, (42)

where 𝛼 = 0.3, 𝑈H is the inflow velocity at height 𝑧H, and 𝑧H is the 
height of the walls. For the turbulence at the inlet, we used the vortex 
method according to Hettel et al. [42], where vortices are randomly 
predefined at the inlet. As in [40,41] Sulfur hexafluoride (SF6) was used 
as a tracer gas and is emitted from 𝛤e with a 𝑧-velocity of 𝑈e. Thus, 

𝒖(𝒙, 𝑡) = (0, 0, 𝑈e)T, on 𝛤e × (0, 𝑇 ] (43)

and 

𝐶(𝒙, 𝑡) = 𝐶SF6 , on 𝛤e × (0, 𝑇 ], (44)

where 𝐶SF6  is the emitted concentration of SF6. The numerical param-
eters for the simulation, including the number of cells, are shown in 
Table  1 where the maximum simulation time is represented by 𝑇𝑡𝑜𝑡.

In this setup, two lattices are used: one for the airflow distribution 
and one for the concentration distribution of the pollution. At specific 
boundary regions, we collide additionally with the chosen dynamics 
approximating the FBNSE or the ADE, respectively. This is particularly 
relevant at the inflow regions of the domain 𝛤in and 𝛤e. For the airflow 
distribution, we apply the collision according to 

∀𝛤 ∈ {𝛤 , 𝛤 } ∶ FBNSE (7). (45)
𝑘 in e
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Table 2
Computational performance in MLUPs for the configurations used in this work.
 Configuration Without WF  [MLUPs] With WF  [MLUPs] 
 Tree-less canyon ∼ 4600 ∼ 4100  
 Tree canyon ∼ 4100 ∼ 2500  

For the concentration distribution, we apply the collision according to 
𝛤e ∶ ADE (12). (46)

Further, for the boundary conditions for the concentration distribution 
are

𝒈(𝒙, 𝑡) = 𝟎, on 𝛤𝑘 × (0, 𝑇 ], ∀𝛤𝑘 ∈ {𝛤in, 𝛤out , 𝛤sky , 𝛤lef t , 𝛤right}, (47)

𝐶(𝒙, 𝑡) = 𝐶0, on 𝛤𝑘 × (0, 𝑇 ], ∀𝛤𝑘 ∈ {𝛤ground, 𝛤wall}, (48)

where 𝐶0 = const is realized with standard bounce-back.

3.2.2. Performance
To assess the computational efficiency of the HLBM simulations, 

we measure performance in terms of mega lattice updates per second 
(MLUPs). The performance is evaluated under different configurations: 
with and without trees, and with and without a wall function (WF). 
The results provide insight into the computational cost associated 
with modeling urban flow scenarios and are shown in Table  2. It is 
observed that the porous ADE correction from (32) has a big impact on 
performance, which results in a loss of ∼ 500 MLUPs, by adding the WF 
it is reduced even further. During this work, the WF is not optimized in 
its implementation and is therefore rather inefficient compared to the 
rest of the code. The performance was investigated on a GPU node (4x 
NVIDIA H100 GPUs) on the Horeka cluster at KIT.

3.2.3. Simulation results
A series of simulations were performed to evaluate airflow and 

pollutant dispersion in a street canyon, comparing the results against 
experimental data from Gromke et al. [40]. Two configurations were 
studied: a street canyon without trees and one with a porous tree. Each 
scenario was simulated with and without a WF, following the method-
ology outlined by Guo et al. [43,44]. The Spalding wall function was 
employed to approximate equilibrium and non-equilibrium velocity 
profiles, with Dirichlet boundary conditions applied as described ear-
lier. The concentration measured at the walls A and B was normalized 
according to 

𝑐+ =
𝑐m𝑈H𝐻
𝑄SF6∕𝑙

, (49)

where 𝑐m is the concentration, 𝑄SF6 = 1.359×10−6m3∕s is the volumet-
ric flow rate of 𝑆𝐹6 and 𝑙 = 1.42m the length of the line sources. The 
objective is to evaluate the usability of the above described numerical 
approach as a model for a DT of a city as well as to observe the impact 
of the WF.

Tree-free canyon: Fig.  9 presents the normalized vertical velocity 
profiles for a canyon without a tree (tree-free canyon). The subfigures 
compare the experimental data with numerical results from other stud-
ies and the current study, both with and without a wall function. In 
Fig.  9(a), the experimental results of Gromke et al. [40] provide the 
baseline for comparison. Subfigures (b) and (c) illustrate the results of 
simulations without a WF. Although the general velocity profiles are 
consistent with the experimental data, discrepancies are observed at the 
edges of the wall, where the maximum vertical velocities are overesti-
mated. Figs.  9(d) and (e) incorporate a WF in the simulations. Here, the 
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Fig. 8. Simulation setup for airflow and pollutant distribution in an urban environment. The 3D view (top) shows the boundary conditions (𝛤 ) and placement of urban structures 
within the simulation domain. The 2D cross-sectional view (bottom) illustrates the wind profile and flow around a street canyon (Wall A and Wall B), a tree (𝛤tree), and four line 
emitters (𝛤e) within the domain.
maximum vertical velocity is shifted towards the center of the canyon, 
aligning more closely with the experimental observations. Fig.  9(e) 
demonstrates particularly good agreement with the experimental data, 
validating the effectiveness of the wall model in capturing the critical 
flow characteristics in urban environments. The pollutant concentration 
distribution is further analyzed in Figs.  10 and 11, which show normal-
ized concentrations along walls A and B, respectively, in the absence of 
trees. In Fig.  10(a), experimental data from Gromke et al. [40] illustrate 
the expected pollutant accumulation patterns. Subfigures (b) and (c) 
present numerical results without a WF. Although the general trends 
and stratification of the concentration layers align with the experimen-
tal data, the pollutant accumulation zones are narrower and exhibit 
higher gradients. This behavior is attributed to the elevated vertical 
velocities near the edges of the wall, as seen in Figs.  9(b) and (c). 
The thinner pollutant layers near the walls indicate an over-prediction 
of upward pollutant transport. When using a WF, as shown in Figs. 
10(d) and (e), the pollutant accumulation patterns show improved 
agreement with the experimental results. The concentration layers are 
wider and better reflect the observed stratification, particularly along 
the central portions of the wall. This improvement corresponds to the 
more realistic velocity profiles shown in Figs.  9(d) and (e), where the 
maximum vertical velocities are centered and reduced near the walls.

Along wall B depicted in Fig.  11 the results without a WF differ 
strongly. The reference case in (b) shows stratified layers with con-
centrations higher than those of the experiment data in (a), while our 
results in (c) show strong alignment with (a). The results with a WF in 
(d) and (e) also agree with (a).

Tree-canyon:  Similar to the tree-free canyon case, Fig.  12 presents 
the simulation results for the velocity distribution in a street canyon 
with a porous tree. These results are compared against experimental 
data from Gromke et al. [40] (Fig.  12(a)) and numerical results from 
Merlier et al. [41] (Fig.  12(b)), as well as reference simulations with 
and without WF. Figs.  12(c) and (e), which represent our numerical 
9 
results without and with WF, respectively, show a similar overall 
velocity distribution to the experimental data in (a). However, slight 
differences can be observed, particularly in the velocity magnitude near 
the walls. Without WF (c), the velocity distribution captures the general 
pattern observed in (a) but exhibits some deviations in the center and 
near the edges of the canyon. When WF is included (e), the results 
remain largely consistent with (c), suggesting that WF has a minimal 
impact in this setup due to the narrow spacing between the walls and 
the porous tree zone. Comparison with Merlier et al. [41](b) and the 
numerical results of Gromke et al. [40] (d) shows that our simulations 
align well with previous numerical approaches, reinforcing the validity 
of our model. Fig.  13 presents the normalized concentration 𝑐+ along 
wall A, while Fig.  14 shows the concentration along wall B for a canyon 
with a tree. The results are compared against experimental data from 
Gromke et al. [40] (Figs.  13(a) and 14(a)) and numerical results from 
Merlier et al. [41] (Figs.  13(b) and 14(b)), alongside our simulations 
with and without a WF. For wall A, Figs.  13(c) and (e) confirm that 
the general distribution of concentration aligns with the experimental 
results in (a). However, differences can be observed in the stratification, 
with our results showing higher concentration gradients, especially 
near the center of the wall. The comparison between our results with 
(e) and without WF (c) shows minimal variation, indicating that WF 
has little influence in this specific setup. For wall B, Figs.  14(c) and (e) 
are consistent with the experimental results in (a). The concentration 
remains lower compared to wall A, as expected, and the inclusion of 
WF (e) does not significantly alter the distribution. Our results also 
compare well with both Merlier et al. [41](b) and Gromke et al. [40] 
(d), indicating that the general pollutant dispersion trends are well 
captured by our simulations. In summary, while the concentration 
gradients and layering differ slightly from the experimental data, our 
simulations effectively capture the key pollutant distribution trends 
in the presence of trees. The inclusion of WF enhances accuracy but 
is not essential for reproducing the general distribution. Given that 
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Fig. 9. The experimental and simulation results for the normalized vertical velocity of a tree free canyon are shown for the plane cut A-A (Fig.  8) between Wall A and Wall B. 
The experimental results from Gromke et al. [40] are shown in (a), (b) shows numerical results from Merlier et al. [41] without a WF, (c) shows our results without WF, (d) 
shows the numerical results of Gromke et al. [40] with WF and (e) shows ours with a WF.
Fig. 10. Normalized concentration 𝑐+ at the Wall A. (a) shows the experimental results according to Gromke et al. [40], (b) the results without a WF from Merlier et al. [41], 
(c) ours without a WF, (d) results from Gromke et al. [40] with a WF and (e) shows our with WF.
WF increases computational costs, further optimizations are required 
before integrating it into large-scale urban digital twin applications 
without performance trade-offs.

3.2.4. Discussion
The differences between our results using the HLBM approach and 

those from the Reynolds Stress Model (RSM) by Gromke et al. [40] for 
the tree-free canyon with a WF are small. However, our approach shows 
better alignment with the experimental results. This is because RSM 
relies on turbulence closure equations, which approximate turbulence 
rather than resolving it, whereas in this work, LES is used, which 
partly resolves turbulence structures. Furthermore, RSM requires the 
use of a WF to accurately compute near-wall turbulence, whereas the 
HLBM approach achieves good agreement even without a WF. This 
observation is also supported by the work of Merlier et al. [41], where 
10 
the differences arise due to the use of the Synthetic Eddy Method 
(SEM), while in this work, the vortex method is applied. This distinction 
is also reflected in the concentration distribution: our results without a 
WF closely align with those of Merlier et al. [41], while our results 
with a WF show strong agreement with the experimental data. For 
the velocity results in a canyon with a tree, our simulations do not 
match the experimental results as closely as in the tree-free canyon. The 
key difference lies in how porosity is incorporated into the governing 
equations. While we use (22), Merlier et al. [41] employs a pressure 
loss coefficient, and Gromke et al. [40] uses the porous media model 
in ANSYS FLUENT, which introduces a momentum sink term to account 
for the resistance induced by vegetation. For concentration distribution, 
the results differ significantly due to differences in diffusion, which is 
directly influenced by the spatial resolution used in each study. Both 
reference cases applied grid refinement, which was not used in our 
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Fig. 11. Normalized concentration 𝑐+ at the Wall B. (a) shows the experimental results according to Gromke et al. [40], (b) the results without a WF from Merlier et al. [41], 
(c) ours without a WF, (d) results from Gromke et al. [40] with a WF and (e) shows our with WF.
Fig. 12. The experimental and simulation results for the normalized vertical velocity of a canyon with a tree are shown for the plane cut A-A (Fig.  8) between Wall A and Wall 
B. The experimental results from Gromke et al. [40] are shown in (a), (b) shows numerical results from Merlier et al. [41] without a WF, (c) shows our results without WF, (d) 
shows the numerical results of Gromke et al. [40] with WF and (e) shows ours with a WF.
work. Consequently, the turbulent Schmidt number 𝑆𝑐t in our setup 
differs (see Table  1), since the diffusion is resolution dependent. As a 
result, the diffusion of concentration in our case does not match that 
of the reference studies.

4. Results of the digital twin

The test area for the DT prototype is a part of Reutlingen, Germany, 
as described in Section 2.3.2 and shown in Fig.  4. This area was chosen 
due to the availability of publicly accessible air pollution data from 
two monitoring stations. These data sources are continuously integrated 
11 
into the simulation, enabling real-time model updates and improving 
the accuracy of the results through data fusion.

4.1. Setup

To construct the DT of the urban environment, a high-resolution 
computational model was developed using data from OSM, meteoro-
logical stations, and emission sources as shown in Fig.  15. The selected 
study area includes Alteburgstraße and Lederstraße, two major roads in 
the region, as well as vegetation, buildings, and traffic-related emission 
sources. The simulation aims to model pollutant dispersion and air flow 
dynamics in this urban neighborhood, considering contributions from 
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Fig. 13. Normalized concentration 𝑐+ at the Wall A for a canyon with a tree. (a) shows the experimental results according to Gromke et al. [40], (b) the results without a WF 
from Merlier et al. [41], (c) ours without a WF, (d) results from Gromke et al. [40] with a WF and (e) shows our with WF.
Fig. 14. Normalized concentration 𝑐+ at the Wall B for a canyon with a tree. (a) shows the experimental results according to Gromke et al. [40], (b) the results without a WF 
from Merlier et al. [41], (c) ours without a WF, (d) results from Gromke et al. [40] with a WF and (e) shows our with WF.
 

road traffic emissions, building exhaust sources, and environmental 
factors such as the effects of wind and vegetation. Key sources of 
pollution in the study area include the following:

• Road Transport Emissions: Emissions from vehicles traveling along
Alteburgstraße and Lederstraße.

• Building Exhaust Emissions: Pollutants released from heating, 
ventilation, and industrial sources.

• Vegetation Effects: Trees and vegetation act as natural barri-
ers that influence pollutant dispersion by affecting airflow and 
deposition processes.

The numerical setup is the same as in the validation from Sec-
tion 3.2.3 with the exception being the vortex method, since it is 
not suitable for changing wind directions. Instead, the turbulence is 
induced by varying the wind direction with in a 5% margin of the 
current wind direction. Fig.  16 shows the NO  and PM  concentrations 
2 2.5
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of measured from the measuring station over the course of the week. It 
is observed that the NO2 value highly correlates with the time of date, 
which is as expected when considering work traffic. The PM2.5 values 
are more stable during the week.

Table  3 shows the physical and numerical parameters of the simula-
tion. The Reynolds number was omitted because it being not practical 
for this simulation, because of its relation to the wind speeds. 𝑇up
represents the amount of time until the simulation is updated with new 
wind and concentration data, while 𝑈𝑒 is the emission speed of the 
pollution sources.

The simulation achieved similar performance results as shown in 
Table  2 for the configuration with trees and without WF.

4.2. Simulation results

The DT simulation was conducted from November 7 to November 
13, 2024, with hourly updates, resulting in a total of 162 updates. 
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Fig. 15. Computational domain and measurement setup for the DT simulation. Buildings are colored blue, while trees and vegetation are colored green. Two measuring stations 
(red squares) are placed along Alteburgstraße (M1) and Lederstraße (M2) to monitor air pollution. The road network is colored red to indicate major traffic emission sources. 
Building exhaust emissions are visualized with red markers on structures, highlighting additional stationary pollution sources. The model integrates real-time data from these 
stations to dynamically update the simulation of pollutant dispersion and airflow behavior. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.)
Fig. 16. (a) Time series of pollutant concentrations, including PM2.5 and NO2 at two measurement stations (M1 and M2). (b) Time series of wind speed with overlaid arrows 
indicating wind direction. The arrows are oriented towards the cardinal directions (north, east, south, west) based on recorded wind direction data.
Table 3
Physical and numerical parameters.
 𝑆𝑐t [−] ▵ 𝑥 [m] ▵ 𝑡 [s] 𝑈e [m/s] 𝑇up [s] 𝑇tot [s] #cells [−]  
 0.3 1 1.3 × 10−3 0.2054 300 46,000 48.25 × 106 

The results presented in Fig.  17 illustrate the velocity distribution (left 
column) and the PM2.5 concentration distribution (right column) at 
different timestamps within the simulation period.

The velocity distributions shown in Figs.  17(a), (c), and (e) depict 
the averaged wind flow at a height of 2 meters above ground level, 
representing pedestrian exposure. The prevailing wind direction on 
November 7 (Fig.  17(a)) is predominantly from the northwest, leading 
to strong airflow through urban canyons and open spaces. By November 
9 (Fig.  17(c)), the wind intensity appears slightly reduced, with minor 
directional changes. The flow near built-up areas remains relatively 
stable, while turbulence effects are noticeable around obstacles. On 
November 13 (Fig.  17(e)), the wind direction has changed to the 
northeast, affecting airflow patterns and creating lower-velocity zones 
where stagnation may occur.
13 
The corresponding PM2.5 concentration distributions in Figs.  17(b), 
(d), and (f) reveal the relationship between wind dynamics and pollu-
tant accumulation. On November 7 (Fig.  17(b)), pollution hot-spots are 
primarily located in the southeastern part of the domain, where lower 
ventilation leads to increased concentration levels. This aligns with 
the northwest wind direction, which carries pollutants towards these 
regions. By November 9 (Fig.  17(d)), the pollution distribution has 
changed slightly due to changing meteorological conditions, yet high 
concentrations remain in areas with reduced airflow. On November 13 
(Fig.  17(f)), the northeast wind redistributes pollutants, forming new 
hot-spots while decreasing concentrations in previously affected areas.

The results highlight the strong correlation between wind direction 
and pollutant dispersion patterns. The built-up areas and the effects 
of the urban canyons contribute to localized stagnation zones where 
pollutants remain trapped for extended periods. The formation of these 
hot-spots suggests the necessity for mitigation strategies such as geo-
metrical adjustments to building layouts or the strategic placement of 
vegetation to enhance natural dispersion.

The findings derived from the DT provide valuable insights for both 
real-time air quality assessments and long-term urban planning. By 
integrating simulation-based predictions with real-time data, decision-
makers can develop adaptive strategies to optimize airflow and reduce 
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Fig. 17. Results of the DT from November 7 to November 13, 2024, with hourly updates. The left column (a, c and e) shows the velocity distribution, while the right column (b, 
d and f) presents the corresponding pollution concentration.(a) and (b) show the averaged results after running the simulation for the first day; (c) and (d) show the results on 
November 9th, 2024; and (e) and (f) show the results on November 13th, 2024.
pollutant exposure in critical areas, ultimately improving urban air 
quality and public health.

5. Conclusion

In this work, a prototype for a DT of an urban environment was 
developed, utilizing HLBM to model airflow and pollutant dispersion. 
14 
The methodology was validated in Section 3.2.3, where simulation re-
sults demonstrated strong agreement with experimental data from wind 
tunnel studies. The velocity and concentration distributions obtained 
from the DT accurately reflected expected pollutant dispersion patterns 
with the given geometry, confirming the feasibility of the approach. 
A key advantage of this DT framework is its adaptability to different 
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urban areas. By leveraging OSM data, the automatic geometry genera-
tion allows for rapid and efficient adaptation to new cityscapes, making 
the approach highly scaleable. Additionally, the DT was dynamically 
fed with data from meteorological measuring stations and ran over a 
period of one week (November 7 to November 13, 2024), enabling the 
observation of general pollution distribution trends in the study area. 
This work serves as a proof of concept, demonstrating the potential 
of DTs in urban air quality monitoring. However, to further enhance 
the accuracy and reliability of the model, future work will involve 
the deployment of manually placed measuring stations throughout 
a city. These additional data sources will be used to fine-tune and 
validate the DT, improving its ability to capture real-world pollutant 
dispersion dynamics. Furthermore, while the use of a WF improves 
near-wall flow resolution and enhances simulation accuracy, our re-
sults indicate that it is not strictly necessary to observe the general 
concentration distribution. Nevertheless, future efforts will focus on 
optimizing WF implementations to enhance computational efficiency 
while maintaining accuracy. The WF will be further refined and used 
in conjunction with the DT to achieve a more precise representation 
of urban flow conditions. In this context, we also aim to investigate 
why the roof-level downdrafts observed in the experimental results 
are not accurately reproduced in the simulations, as this discrepancy 
persists both in our validation results and across all reference cases. 
This study lays the foundation for a fully operational DT that can be 
continuously updated, validated, and refined using real-world sensor 
networks. In combination with high-performance numerical modeling, 
the DT framework will provide an essential tool for urban planners and 
environmental policymakers, supporting data-driven decisions aimed at 
improving air quality and public health in cities.
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