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Abstract

According to the KNMI Klimaatsignaal’21, the average surface temperature in The Netherlands has increased by 2.3°C between 1901 and
2020. Moreover, The Netherlands is also experiencing more frequent and intense heatwaves. Urban development significantly impacts
the environmental conditions of a city, influencing thermal comfort and human well-being. To deal with these problems, municipalities
across the country have been tasked to find ways to measure, understand, and find solutions to the increasing temperatures, specifically in
urban areas. Because of this, several contrasting urban heat maps have been produced using different metrics and methods by different
agencies. Koopman et al. presented a methodology for a standardized urban heat map at a 1-m spatial resolution to unify the stress
tests by selecting the Physical Equivalent Temperature (PET) as a metric for heat stress. The PET is a key indicator in bio-meteorology,
quantifying the combined effects of various environmental factors on human thermal perception. Despite its utility, widespread adoption
of PET-based assessments by municipalities remains limited. To address this gap, this paper presents the development of a Digital
Twin framework using PET analysis, enabling a collaborative, nondestructive, and cost-effective assessment of urban interventions’
impact on thermal conditions. Leveraging geoprocessing workflows and geospatial data, our framework allows for real-time PET
calculations and scenario testing, facilitating informed decision-making by urban planners. The framework was tested and applied
for Enschede, Netherlands, demonstrating its efficacy in visualizing current conditions, projecting future scenarios, and evaluating
intervention strategies. Feedback from urban planners highlighted the tool’s usability and potential for enhancing community engagement
in urban planning processes.

1. Introduction

Urban development modifies the environmental characteristics
of radiation, temperature, humidity, and aerodynamics of a city
(McGregor et al., 1998). Rapid urbanization, climate change, and
a growing awareness of the impact of environmental conditions
on human well-being (Tong et al., 2021; Flynn et al., 2005) have
influenced the need to accurately assess thermal comfort, gaining
significant prominence in current years (Das and Subudhi, 2022;
Zou and Zhang, 2021).

A human body feels comfortable when it can quickly gain thermal
balance with the surrounding environment (Das and Subudhi,
2022). As this balance is also dependent on individual condi-
tions such as metabolic rate, transpiration, activity level, clothing,
gender, and age (Höppe, 1993), different agencies and research-
ers have produced various contrasting urban heat island mapping
methods with different metrics, such as the number of warm nights
(Jain, 2023), Land surface temperature (Zhao et al., 2024; Kas-
niza Jumari et al., 2023), and Surface Urban Heat Island Intensity
(Xi et al., 2024; Pauly et al., 2024; Di Bernardino et al., 2023).
Additionally, (Sidiqui et al., 2022) analyzes risk mapping and
vulnerability assessment using GIS geospatial data, considering
the population of Greater Geelong, Australia.

Valmassoi and Keller (2021) use different approaches to visualize
the Urban Heat Island (UHI) effect by selecting a rural refer-
ence location and the follow-up comparison with the urban area.
(1) Single Point Baseline: Utilizes a single rural location as the
reference point for temperature comparison; (2) Area Averaged
Baseline: Averages temperatures over a specified rural area to
establish the baseline;(3) Nearest Neighbor-Based Baseline: Em-
ploys the closest rural temperature data point to each urban grid
point for comparison. After comparing the results, it was identi-
fied that while all methods are reasonable approximations of the

UHI, they are also prone to biases and under/overestimating the
phenomena.

Likewise, cities across the Netherlands have studied heat stress
using several methods that differ from place to place. For instance,
in Utrecht, Brandsma and Wolters (2012) measured the nighttime
UHI intensity at street level using sensors installed on bicycles
and studying the Sky-view Factor and cloud coverage effects. In
The Hague, Koopmans et al. (2018) studied the number of tropical
nights in different climate scenarios. In Rotterdam, Klok et al.
(2012) used the Land surface temperature to indicate surface heat
island, comparing data from 1984 to 2007. Therefore, due to
different variables, sources, and methods, comparing results from
different approaches has become increasingly complex, creating
the need for a unified, standardized solution.

To unify the stress tests, Koopmans et al. (2020) presented a
methodology for urban heat stress at 1-m spatial resolution in
the Netherlands. Their research proposes using the Physiological
Equivalent Temperature (PET) as a standardized indicator. PET is
a key indicator in bio-meteorology that quantifies the combined
effects of air temperature, humidity, wind speed, and solar radi-
ation on human perception of thermal conditions (ibid). The PET
indicator is the outdoor air temperature equivalent of an indoor
setting on a person with 80W of metabolism, light activity, and
wearing a suit (clothing factor of 0.9) (Höppe, 1999). According
to this indicator, several grades of stress are present, as shown in
Table 1.

Some researchers have already included PET as an indicator for
comfort in academic studies (Çağlak, 2024; Zhang et al., 2022;
Feng et al., 2024). And, despite the understanding and standardiz-
ation in the Netherlands that this indicator has brought to urban
planners, it is still not widely adopted by municipalities and other
sub-national governments which struggle to find ways to integrate
standard methods with their workflow (Koopmans et al., 2020).
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PET Thermal Sensitivity Grade of Physiological Stress

<4 °C Very cold Extreme cold stress

4 - 8°C Cold Strong cold stress

8 - 13 °C Cool Moderate cold stress

13 - 18 °C Slightly cool Slight cold stress

18 - 23 °C Comfortable No thermal stress

23 - 29 °C Slightly warm Slight heat stress

29 - 35 °C Warm Moderate heat stress

35 - 41 °C Hot Strong heat stress

41 - 47 °C Very hot Extreme heat stress

>47°C Scorching Most Extreme heat stress

Table 1. PET, Thermal Sensitivity and Grades of Physiological
Stress. Adapted from (Matzarakis and Mayer, 1996)

In recent years, research in participatory tools has shown their
importance in enhancing and facilitating citizen participation in
action planning (Flacke et al., 2022) and stakeholder engagement
in collaborative spatial planning processes (Aguilar, 2022). There-
fore, following this line of thinking, a Digital Twin as a parti-
cipatory tool is presented in this research. It aims to facilitate
understanding, interaction, and collaboration processes between
stakeholders, allowing them to easily propose and share ideas in
real-time with others in person or online.

According to the Digital Twin Geohub (2022), a digital twin (DT)
is a dynamic digital representation of a physical object or system.
It integrates data from various sources, including sensors and ana-
lytics, to mirror the real-world state of the object or environment.
This allows for real-time monitoring, simulation, and decision-
making. Initially used in manufacturing, DT has expanded into
geospatial domains, representing not just the geometry but also
the behavior and evolution of living environments. It’s a tool
encompassing technologies like GIS, IoT, AI, and VR to create
a comprehensive and interactive model of physical reality. An
Urban DT is a replica of the physical elements of a city that can
be used to co-create and test different scenarios on city-specific
parameters (Ruohomaki et al., 2018). It is not an exact copy, as
it also serves as a container for models, data, and simulations
(Dembski et al., 2019). DTs can potentially address the complex
challenges of cities while involving citizens within the planning
process (Dembski et al., 2019).

This paper presents a Digital Twin-based framework that uses
the PET indicator as a base. The framework allows urban plan-
ners and governmental organizations to interact in a collaborative,
nondestructive, and inexpensive digital georeferenced environ-
ment to identify the effects of the changes on the location, size,
and quantity of green (grass, natural surfaces, and trees), blue
(water courses or ponds), and gray infrastructures (buildings). The
DT allows the generation of a map in near-real time with the
changes and suggestions done by urban planners in a GIS envir-
onment. This research aims to answer the following questions:
How do small local interventions affect PET values? and How
can different interventions on urban landscape be tested ex-ante?

2. Materials and Methods

The study area of this research corresponds to the city of Enschede
in the Netherlands. Enschede is one of the biggest cities in the
Netherlands, with a population of around 160.000 inhabitants

(CBS, 2024). The city possesses a compact central business dis-
trict (CBD) and transitions to a more open peri-urban residential
area. The inner urban area includes parks and water bodies for
recreation. An industrial port and university campus are on the
city’s western side.

The design of the DT started with a direct collaboration with
the Enschede Municipality. Members of staff and daily decision-
makers indicated the need to easily identify empty locations with
high heat stress that require interventions. To achieve this, as a
component of the DT, the building footprints openly available from
the so-called Basic Address Registration (BAG) data have been
used (Dataset: Basisregistratie Adressen en Gebouwen , BAG).
2D footprints, instead of the 3D LOD2 objects, were used to allow
easy editing and reduce processing times. In addition, the LiDAR
scanning from the city was downloaded from the national open-
source platform ”Current elevation file in the Netherlands” (Data-
set: Actueel Hoogtebestand Nederland 4 , AHN). The LiDAR
scanning data was used for the Digital Terrain Model (DTM) and
Digital Surface Model (DSM) generation to determine the build-
ings, tree heights, and tree crown configuration. Moreover, the
Normalized difference vegetation index (NDVI) average month
values from the hottest month recorded in 2018-2019 were ob-
tained from Sentinel-2 Satellite Imagery (Copernicus Sentinel
Data, 2023) via Google Earth Engine(Gorelick et al., 2017). The
water bodies were supplied by the Enschede municipality Geoin-
formation department and were complemented with polygons ob-
tained from OpenStreetMaps (OpenStreetMap contributors, 2023);
this complement was selected as a way to ensure reproducibility in
other contexts with less data availability. These elements allowed
the whole city to be reconstructed in a digital environment in 2D
and 3D. The summary of input data is presented in Table 2.

The PET DT was designed to include the spatial dataset input in a
2D visualization for easy operation. There, it is possible to have
tools that allow for adding geographical features, such as buildings,
green areas, water bodies, and the inclusion of trees, to observe
the consequences of adding or removing new features/elements
such as water bodies, buildings or green infrastructure on the PET
values. The modifications are recorded in a cloud spatial database
and displayed in real-time in the 2D and 3D visualizations. The
calculation of the PET value follows the standardized method on a
1-m spatial resolution for the Netherlands developed by Koopmans
et al. (2020), which was developed on measures and calculations
on the city of Wageningen as shown in Equation 1. The calculation
result can then be downloaded in a Raster file where pixel values
indicate the expected PET at each location. The overall process
can be seen in Figure 1.

PETsun = −13.26 + 1.25Ta + 0.011Qs–3.37 ln(u1.2)

+0.078Tw + 0.0055Qs ln(u1.2) + 5.56sin(φ)

–0.0103Qs ln(u1.2)sin(φ) + 0.0546Bb + 1.94Svf

(1)

where Ta = air temperature (°C) at 2m
Qs = solar irradiation (W/m2)
u1.2 = wind speed at 1.2m height (m/s)
Tw = wet-bulb temperature
φ = solar elevation angle (degrees)
Bb = Bowen Ratio
Svf = Sky-view factor

The calculation of the PET was integrated into a geoprocessing
workflow developed to determine the PET value and be able to
recalculate the value on changing meteorological, green, and blue
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Geospatial Dataset Specifications Data Type Date Source

Building Footprint Basic Registration Buildings Vector Polygons May, 2023 (Dataset: Basisregistratie
Adressen en Gebouwen , BAG)

LiDAR Scanning Aerial laser Scanning 10-14
points/m2. Vertical accuracy
5cm

LAS 2022 (Dataset: Actueel
Hoogtebestand Nederland 4 ,

AHN)
NDVI Sentinel-2 average monthly

pixel value. 10m spatial resolu-
tion

Raster Layer July, 2019 (Copernicus Sentinel Data,
2023; Gorelick et al., 2017)

Trees Public trees location Vector Point Jan, 2023 (Gemeente Enschede, 2023)
Water bodies Canals, lakes, ponds Vector Polygons March, 2023 (Gemeente Enschede, 2023;

OpenStreetMap contributors,
2023)

Meteorological Data Hourly Temperature, humidity,
wind speed and Solar radiation

Numerical 25th July, 2019 (KNMI, 2019)

Table 2. Datasets used

Figure 1. Digital Twin development overview process. Items in Magenta can be edited by user interaction

infrastructure or constructing a new building. Figure 2 summarizes
the workflow, highlighting the elements of the environment that
can be modified and the affected parameters when calculating the
PET.

To explore different scenarios and allow stakeholders and citizens
to propose local changes at the neighborhood level, an open-source
Phyton code was developed to recalculate the solar angle and wet
bulb temperature when specific meteorological conditions are set
(See Solar angle code and Wet bulb code).

By default, the conditions from the 25th of July 2019 were used,
as this day was the maximum temperature recorded in Twente
Weather station (6.891°E 52.274°N, 34.80 m elevation) on the
2018 - 2023 period. The conditions on that day, at 14:00 h, were a
temperature of 40.2°C, wind speed of 2m/s at a direction of 100°,
Relative humidity of 47%, and Solar radiation of 259 J/cm2. The
wind simulation and the effects buildings and trees have on its
flow were recalculated at 1.2m height using the WindNinja Tool
(Forthofer et al., 2014) as the weather station measures at a 10m
height in an open field.

For calculating the Sky View Factor (SVF), a measurement of
the extent to which the sky can be seen without being obscured
by nearby structures, trees, or other objects, an updatable DSM
(Digital Surface Model) is required as it contains both the environ-
ment’s natural and built/artificial features. A Raster Calculation
was utilized to update the DSM, employing conditionals to in-
corporate the updates. This process allows user interaction with
building configurations, enabling them to create and evaluate their

environmental scenarios. New buildings can be drawn by hand,
and a height can be specified, as this will affect the SVF. Due to
building materials’ high heat transfer capacity, the new building’s
Bowen Ratio is set to 3.

Due to the capacity of trees to provide shade, individuals experi-
ence a lower temperature, and trees act as natural wind barriers.
It was important to test the effects of adding trees to unvegetated
areas and help find the most efficient configuration. To do so, it
became necessary to replicate the height, volume, and leaf crown
structure of existent trees from the south and center of the city.
Thus, to allow the experimental addition of non-existent trees on
demand by the users, the tool enables users to choose between
a 6m and a 24m height tree as a proof-of-concept and allows
the users to load their tree layers to expand the usage of the tool
depending on their specific needs and context.

A Python script was developed to load a polygon that represents a
tree crown with its height values and use it to duplicate orstamp
that tree polygon on each point of a point layer adjustable by the
user (Figure 3). The trees are stored in an output polygon feature
that is geo-referenced and ready to be rasterized and combined
into the overall geoprocessing calculation.

Additionally, the inclusion of blue and green has the potential
to reduce the heat transfer to the air. These elements were set
to be drawn in a polygon with free-hand tools, and their Bowen
ratio was set to 0.1 for water and 0.3 for green areas (grass). As
with buildings, the resulting raster is combined with the original
DSM using the raster calculator conditionals, where different pixel
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Figure 2. Geo-Processing workflow for PET Calculation. Elements in Magenta can be modified in the editing tools of the Digital Twin.

Figure 3. Polygon ”Stamp” process from points set by the user to
duplicated polygons and their rasterization.

values exist and are replaced by the stamped trees. This process
generates ”new trees”, green areas, and water bodies that appear
in the DSM to simulate their effect in the area. It allows users to
interactively modify the DSM by adding objects and incorporating
them with the building changes for further analysis.

When modifications of the environment are in place, such as
adding points representing trees or polygons for vegetation, water
areas, or buildings, as explained above, the designed geoprocess
integrates the new landscape features and recalculates the PET
values for the selected operation window. Table 3 shows the
pseudocode the geoprocess follows.

In summary, the process was developed in a local setup, where
spatial layers and the geoprocess were initially tested. Afterward,
it was integrated into an Online Web service GIS Platform to
visualize (2D and 3D) the digital city, where it was possible to
incorporate the geospatial data edition tools and the capacity to
modify, in real-time, the input on the meteorological conditions of
future scenarios or past situations. Additionally, it is possible to
execute the geoprocess calculation to obtain a raster that shows
the PET values in the user-specified characteristics.

The prototype was presented in a hands-on session to the staff
of the Enschede municipality and opened for citizens to engage
in an open event at the University of Twente to get to know the
operational DT and receive feedback on its usability.

3. Results

Following the abovementioned methodology, the DT tool can be
used in 2D and 3D views. The 2D view display lets us observe
the city’s current situation regarding street configuration, green
areas, blue areas, individual trees, and buildings. When users
add elements to the area using the edition panel, these are auto-
matically updated in the database and displayed on the map (see
Figure 4a and Figure 4b). Rendering times of 95,976 buildings
and 66,350 trees are around 10 sec, depending on the internet
speed connection and endpoint user hardware. The edition tools
allow for adding green and blue infrastructure, one at a time, and
collaborative edition in a Web-based environment.

The 3D visualization was incorporated for better interpretability,
enhancing the visualization, and better communicating the changes
made to the 2D version in real-time (see Figure 5). This allows
users to get a better understanding of their decisions and the
integration of new infrastructure with the current environment.
The municipality staff and citizens highly appreciated the ability
to observe building heights, new green areas, and new water bodies
in real-time.

The geoprocessing panel (Figure 6) allows selecting input layers
if users want to add their data. The bottom part of the panel allows
for the modification of analysis conditions and the execution of the
geoprocess. The DT processing is confined to the map extent win-
dow the user visualizes to facilitate user interaction and processing
times. Wind, DTM, and DSM Raster source data were decided
to be kept non-editable due to computational requirements and
server limitation of raster processing of up to 4000x4000 pixels
per input file.

As a reference, the resulting process shows that the PET values
for the selected analysis window and the specified meteorological
conditions on the highest recorded temperature day in the 2018-
2013 period, as defined in the methodology, are displayed in
Figure 7. The PET mean value for this day was 41.63°C (Extreme
heat stress) with a maximum of 42.15°C (Extreme heat stress).
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Step Process Description

1 Calculate Wet Bulb Temperature (WB)
2 Calculate Solar Radiation Angle (Solar Angle)
3 Assign Bowen to Buildings
4 Merge water bodies
5 Dissolve water bodies
6 Add field for water bodies
7 Assign Water Bodies Bowen Ratio
8 Create Water Raster
9 Calculate Field for Grass Areas

10 Convert Grass Areas to Raster
11 Convert Buildings to Raster (Bowen)
12 Reclassify NDVI to Bowen
13 Perform Raster Calculations:

- NDVI reclassification
- Buildings to Bowen Conditional
- Grass + Buildings
- Calculate Bowen Ratio

14 Create New Trees
15 Convert Stamped Trees to Raster
16 Convert Buildings to Raster (Height)
17 Create New Buildings Raster
18 Combine Stamped and New Buildings
19 Resample DSM
20 Calculate Sky View Factor (SVF)
21 Calculate Physiological Equivalent Temperature (PET)

Outputs

1 PET Raster Layer

Table 3. Pseudocode for PET calculation geoprocess

By changing the temperature input in the DT, it was possible to
explore future PET values with climate change scenarios of +2 and
+4°C, while maintaining the other parameters unexchangeable. As
a result, it is possible to observe a change in the PET values in
those scenarios if no intervention is made (Figure 8a and Figure
8b). In such scenarios, inside the city center of Enschede, the
PET will increase to a mean value of 44.26°C (Extreme heat
stress) and a maximum of 44.78°C(Extreme heat stress) in a +2°C
scenario; and rise to a mean of 46.89°C (Extreme heat stress) with
a maximum of 47.42°C (Most Extreme heat stress) on a +4°C
scenario. It is then possible to measure the local impact of such
interventions in reducing PET. Figure 9 shows potential reductions
of PET up to 1.2°C in the same scenario (2019 conditions) where
proposed trees, new green areas, and water bodies were placed.
This helps planners understand the benefits of their proposals
ex-ante.

The feedback from the city staff’s hands-on experience with the
DT showed us that using software that the stakeholder group was
already familiar with helped with the twin’s reception, understand-
ing, and usability. Several participants could interact with the
tools in a collaborative environment while only being exposed
to a small introductory tutorial, and no programming skills were
needed from their side. Additionally, a guide on how to recreate
this DT was developed to allow them to understand how it was
generated and make further changes and improvements based on
advancements in the study of urban heat islands (See Cárdenas et
al. (2023)).

4. Discussion

The Digital Twin approach presents a method for easily adopting
the standardized model presented by Koopmans et al. (2020). Even
though they present detailed supporting material for understanding
the method, not every municipality has the technical capacity to
develop its calculation process. This DT goes beyond the static

(a) 2D map visualization. Current trees are displayed in light
green, while pink trees represent the new proposed trees.

(b) Digital Twin editing panel

Figure 4. Digital Twin for PET calculation

Figure 5. Digital Twin for PET calculation, 3D view. Pink trees
represent the new proposed trees in an academic exercise.

analysis on one set of input parameters and allows for testing
different scenarios. It gives an easy, online, collaborative platform
for users to calculate the PET without the need to revise and
recreate the step-by-step method of Koopmans et al. (2020)

The integration of 2D spatial datasets and fast deployment of
non-realistic 3D features, along with the real-time editing of the
data, was highly appreciated by users. When citizens interacted
with the DT, knowledge of their neighborhood and experience
became relevant in the scenario testing. Local knowledge of users
and placement of new blue and green features gives stakeholders
indications on where implementation can be done and its result in
the PET values.
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Figure 6. Digital Twin geoprocessing panel. Analysis condition
and execution section.

Figure 7. Geoprocessing results showing the PET values for the
city center of Enschede on 25th of July 2019.

The simple editing for incorporating trees leaves space for users
to determine the location and combination of single individuals.
The process is visual and up to the criteria of the user. It does
not consider technical decisions and possible conflicts with under-
ground elements or damage to other infrastructure like pipelines,
sidewalks, or curbs, as described by (Shi et al., 2023). It can detect
possible locations in complex street configurations where some
vegetation already exists. It provides a non-symmetric distribu-
tion of trees while having the same type of benefits on shade and
the reduction in PET that (Yin et al., 2018) presents. The imple-
mentation of adding hypothetical trees allowed the placement of
different tree crown sizes but not different tree species. Therefore,
this could be an enhancement that could be introduced in future
updates of the DT, as this could also help identify which species
contribute the most to lowering the PET sensation in a specific
study area.

Some limitations were present in the development of the twin as
the currently available data for the wind at a height of 1.2m is
not available in the city of Enschede. Therefore, it was important
to develop a practical solution for the regions with similar lack

(a) +2°C scenario.

(b) +4°C scenario.

Figure 8. Geoprocessing results showing the PET values for the
city center of Enschede.

Figure 9. Cross section Detail of citizen proposed intervention
with blue and green infrastructure on an area with a large concrete

surface in the City Center of Enschede.

of data. To obtain the wind approximation on how the wind was
behaving on the day of the warmest temperature in the study area
at the specific height that the PET model requires, a wind sim-
ulation tool (Windninja) was used (Wagenbrenner et al., 2016).
Moreover, WindNinja was selected due to its use of computational
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fluid dynamics (CFD) to model and predict wind flow patterns
and because it is trusted by researchers, scientists, and profes-
sionals in various fields, including wildfire management (USDA,
2023), emergency response planning, and wind energy assessment.
Therefore, it is noteworthy to make clear that the simulation of
wind can introduce some discrepancies in the results obtained with
the tool. Therefore, ways to obtain accurate wind speed should be
explored to reinforce this part of the model.

The server web-based version of this twin currently works with
low-resolution DSM and DTM raster files; this was done due to the
need for the results to be generated fast to give the user feedback
on how the current changes can affect the modified environment.
If the geoprocess is executed outside the cloud configuration, it
can generate high-resolution maps in a local setup. However, these
results can take up to 5 hours of computational time. Therefore, it
is important to continue researching methods to work with higher-
resolution files in cloud environments or faster local calculation
processes without incurring large investments.

It is also important to highlight that the PET calculation only
considers one type of person. This is a Male, 35 years old,
1.75m. Therefore, it is necessary to re-analyze the calculations
for other types of people, such as different body weights, women,
and especially elders who are the most vulnerable to heat stress
(Oudin Åström et al., 2011).

5. Conclusions

The DT developed in this study facilitated the integration of the
Physiological Equivalent Temperature indicator for the municipal-
ity of Enschede, Netherlands. The design allowed for testing in
different climate scenarios and local conditions. Including editing
tools in real-time was key for testing small local interventions on
the landscape and understanding the consequences this would have
before doing any real-world implementation. The PET results of
including blue and green infrastructure in the urban environment
show their importance for reducing the heat island effect and the
subsequent thermal sensation of citizens in urban environments.

The demonstration hands-on sessions in the municipality showed
that the DT facilitates stakeholders’ understanding of the predicted
scenarios and allows them to obtain vital information on the op-
timal changes that can reduce the heat island in their city.

Implementing the DT allowed for dynamic visualization and in-
teraction with the city’s digital model, providing stakeholders
and citizens with a platform for proposing and evaluating local
changes. The developed twin represents a valuable contribution to
urban planning, offering a dynamic platform for informed decision-
making and community engagement.
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