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Abstract: Predominantly, dense historical cities face insufficient pedestrian-level greenery in the
urban spaces. The lack of greenery impacts the human thermal comfort on the walking paths, which
contributes to a considerable reduction in pedestrian flow rate. This study aims at developing a model
to assess pedestrian-level thermal comfort in city environments and then evaluate the feasibility of
creating a green pedestrian network (GPN). Imola, as a historical city in Italy with a compact urban
pattern, is selected as the case study of this paper. To accomplish this, a three-dimensional digital
twin at city scale is developed for the recognition of real-time shade patterns and for designing a
GPN in this city. The 3D model of the proposed digital twin is developed in the Rhinoceros platform,
and the physiological equivalence temperature (PET) is simulated through EnergyPlus, Honeybee,
and Ladybug components in grasshopper. This study provides the city with a digital twin that is
capable of examining pedestrian-level thermal comfort for designing a GPN based on real-time PET
in the compact urban morphology of Imola. The PET model indicates that during the hottest hour
of the 25th of June, pedestrians in open spaces can experience 3 ◦C more than on narrow shaded
streets. The results are validated based on in situ datasets that prove the reliability of the developed
digital twin for the GPN. It provides urban planners and policy makers with a precise and useful
methodology for simulating the effects of pedestrian-level urban greenery on human thermal comfort
and also guarantees the functionality of policies in different urban settings.

Keywords: street-level greenery; outdoor thermal comfort; digital twin; green pedestrian network;
physiological equivalence temperature (PET)

1. Introduction

The capacity of urban space in providing thermal comfort is essential for urban
livability, health, social cohesiveness, and conviviality [1]. In the context of global climate
change, downtown regions are especially exposed to the impacts of extreme weather
conditions [2], while more than half of the world’s population currently resides in cities [3].
However, a comprehensive explanation of outdoor thermal comfort cannot be provided
by only evaluating micrometeorological circumstances, heat exchange, and human energy
balance research. The human body lacks any selective sensors for sensing certain climatic
factors, and the temperature that is felt in outdoor environments is affected by the combined
effect of all climatic characteristics, which are interrelated [4]. The relevance of the mean
radiant temperature with the body’s heat balance is similar to that of the air temperature
with different wind speeds. Thus, a heat-balance model of the human body must be used.
The Munich Energy-balance Model for Individuals (MEMI), which simulates the thermal
parameters of the human body in a physiologically realistic manner, is the foundation for the
physiological equivalent temperature (PET). PET is defined as the air temperature at which
the human body’s heat budget is balanced with the same core and skin temperatures as
under the challenging outside parameters to be evaluated in a normal indoor environment
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(without wind and solar radiation) [4]. Over the last two decades, over 110 research papers
have been published on thermal conditions and subjective thermal perception most of
which are on PET, PMV, UTCI, and SET [5–10].

Climate-sensitive urban design (CSUD) is a design strategy to reduce urban heat; it
involves urban landscape planning and design that aims at creating more sustainable and
thermally comfortable urban environments [11]. Street trees are considered an important
factor in CSUD and, specifically, in relieving heat stress in cities [11–15]. Tree canopies block
shortwave solar radiation and decrease the level of heat stress [13]. Urban green areas offer a
range of ecosystem services, including lowering noise, air, and water pollution, controlling
local climate, and enabling recreational activities [16]. Urban vegetation has been considered in
many studies on a variety of levels, from microscale to mesoscale [17–20]. Designing accurate
models for urban environments is extremely difficult because tree canopies and buildings are
significantly different in their radiative, thermal, and drag properties and also because there is
radiation exchange between buildings and trees [21].

2. Literature Review
2.1. Three-Dimensional Urban Digital Twin

It is impossible to think about a city as being made up of distinct, independent pieces
of land, buildings, and infrastructure that are then put together after being constructed in
isolation. Researchers and academics argue that the city must concurrently create its infras-
tructure, buildings, and functional areas interactively as a cohesive system rather than as
separate, disjointed parts [22]. A city model is based on a multilevel modeling approach
and consists of various interdependent models [23] that are considering different functions
in an urban environment [24]. Generating a city model that is representative of the inter-
dependent individual elements in the urban environments is not easy. These city models
mainly include data collection and analysis such as digital twins that are based on information
technology [25]. Every digital twin is a virtual space for the integration of key components of
urban infrastructures. Digital twins are based on virtual models that propose real-world city
environments [26]. A city digital twin is a series of interconnected digital twins representing
certain aspects of the functioning of the urban environments. Every digital twin receives a
continuous flow of data collected by sensors in real time, analyses the data, and presents
the outcome in various virtual models [27]. A three-dimensional city microclimate digital
twin should provide complementary and supportive roles in the collection and processing of
micrometeorological data and automated modelling and it cannot be a context-free technology.
Thus, a city microclimate digital twin provides complementary and supportive roles in the
collection and processing of micrometeorological data, and automated microclimate modelling
and representation of urban climatic interactions virtually.

2.2. Connecting Pedestrian Routes in a Green Net

In reality, connecting green spaces has a significant impact on cities. If urban green
spaces stay disconnected, parcels cannot be effectively utilized. Planning urban green
spaces as nodes limits safety and physical accessibility, while corridors connect people,
green, and the ecosystem [28]. These corridors provide people with the smooth functioning
of the city, thereby prioritizing the need for natural urban corridors would be a practical
way to more effectively activate urban nodes [29]. Urban design must now incorporate
integrating city “green nodes” through a green network that covers a small urban fabric [30].
The creation of modular designs for green infrastructure helps to organize the intricate
interactions between urban green areas and the built environment, according to research
conducted in Dresden, Germany. The recommendations created through the research of
the Dresden landscape plan reflect the geographical variability of green areas in the city
and consider integrated socio-ecological systems [31].

In this study, the objective is to enhance the practicality of planning pedestrian-level
thermal comfort in a high-density historical urban context and to assess the feasibility of
creating a green pedestrian network at the city level. The method described in Section 3 is
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developed based on open-source datasets to investigate the accessibility and connectivity
of streets and the level of thermal comfort and evaluate the possible impact of a green
pedestrian network in the city centre of Imola, Italy. Section 4 is focused on reliability and
the results are analysed in Section 5, in Section 6, the functionality of the model is discussed
in several aspects in comparison to previous studies. The study is concluded in Section 7,
the research findings are expected to help urban planners and policymakers in analysing
street thermal comfort and the role of greenery in walkability in a city context.

3. Methods

To accomplish this, a model is developed based on quantifying walkability indicators,
PET criteria, and a green pedestrian network. We demonstrate a hypothetical implementa-
tion of a thermal comfort digital twin made up of (a) the physical world, (b) an integrating
section, and (c) the digital world (Figure 1). The main aim of the proposed digital twin is
to mirror the physical world in three steps: (1) data collection, (2) learning process, and
analysing (3) post-implementation processes and decision making. Post-implementation
is a validation process that is intended to mitigate the effects of incomplete urban climate
data sources and to address the situation when a significant amount of uncertainty raises
questions about the model’s reliability. A model for integrating offline microclimate simula-
tions with real-time data sources is provided in this study. The template also demonstrates
how the digital twin may be enhanced to accommodate a wide range of data sources and
simulations on different scales and topics.
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Figure 1. Conceptual Framework of an Urban Digital Twin.

3.1. Thermal Comfort Computation

The PET estimation is the primary goal of the first section of this 3-Dimensional
GPN Digital Twin. PET is estimated by using a hybrid model built in Python 3.8.1 code,
which simulates each parameter in a distinct engine. To guarantee the precision of input
and output ordering in each phase and specifically the model outcome in the final step,
the interrelations of the parameters are programmed as a thorough Python script. Three
engines—EnergyPlus, Grasshopper, and OpenFOAM—are the foundation of the model.
The connection between the stages and their order is shown in Figure 2.
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3.2. Meteorological Real-Time Input Data

The creation of a weather data file for short-term prediction is the initial stage in
creating this 3-dimensional digital twin. The regeneration of the weather data file demands
the following four file components: dry bulb temperature, relative humidity, wind speed,
and sky cover. Models for hourly dew point temperature, solar radiation on Earth, and
direct and diffuse decomposition will be indicated using these factors. Since grasshopper
cannot connect with EnergyPlus explicitly, the Honeybee tool was used to connect Open
Studio, EnergyPlus, Radiance, and Daysim for an automated process to rebuild a weather
file based on the current epw file. Using an automated method, the hourly formatted
weather components were changed. The following steps’ computations will make use of
this weather information.

3.3. Turbulent Exchange and Wind Speed

To provide precise, high-resolution modelling of wind patterns at height 1.1, the airflow
patterns were simulated in a number of computational fluid dynamics (CFD) models [32].
To guarantee the precision of the examined domain, a predominantly hexahedral mesh
was first created, along with further refinements at 5 m above ground level and greater
density cells at 2 m from the trees. The local weather dataset was statistically processed to
provide the wind speed and mean velocity. A logarithmic law was used to build the vertical
exchange, with a roughness length (z0) default value of 1 m. The turbulence exchange was
estimated using Equation (1) [33].

U(z) = Umet

ln
(

z
z0

)
ln
( zre f

z0

) (1)

U(z): the speed at height z
Umet: meteorological wind speed
zref: meteorological reference height
z0: roughness length
z: the height of the selected point
The boundaries were at a height of 300 m twice of Hmax (for the top boundary), and

at 400 m for the lateral extension that is three-time of Hmax, and for simulation of flow
re-development a 15 × Hmax was chosen. The models were simulated in OpenFOAM [34].

3.4. PET Computation

The following steps are involved in the PET calculation:
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- Using MEMI, calculation of the body’s thermal state for a certain set of meteorological
variables (Table 1).

- Inputting the computed mean skin and core temperatures into the MEMI model and
resolving the energy balance equation system for Ta (with v = 0.1 m/s, VP = 12 hPa,
and Tmrt = Ta).

Table 1. Ranges of the physiological equivalent temperature (PET) for different grades of thermal
perception by human beings and physiological stress on human beings; internal heat production:
80 W, heat transfer resistance of the clothing: 0.9 [35].

PET Thermal Perception Grade of Psychological Stress

>4 ◦C Very cold Extreme cold stress

8 ◦C Cold Strong cold stress

13 ◦C Cool Moderate cold stress

18 ◦C Slightly cool Slight cold stress

23 ◦C Comfortable No thermal stress

29 ◦C Slightly warm Slight heat stress

35 ◦C Warm Moderate heat stress

41 ◦C Hot Strong heat stress

<41 ◦C Very hot Extreme Heat stress

3.5. Walkability Indicators

Recently, the idea of walkability and walkable neighbourhoods has emerged as a
central theme in urban planning. In this theme, the majority of citizens’ daily needs are
met by foot, bicycle, or local transportation within a short distance from their homes [36].
Urban morphology represents the layout of the city including buildings, open spaces,
and street patterns. Accessibility and connectivity are two important factors in urban
morphology that impacts walkability. Accessibility can be defined as how much a place
is related to other locations spatially. So if one area is more likely to be accessed and
attract more pedestrians. Connectivity, however, is the directness and availability of
routes between two places. To guarantee accessibility and connectivity in this digital twin,
the urban land use of the neighbourhood is imported into Rhino 6 (Figure 3). Public
green nodes, public transportation nodes, and public urban space nodes are considered a
destination, and residential parcels as the beginning nodes of pedestrian routes. Walkability
is often calculated within a small local area, probability of walking sufficiently to meet
recommendations for health is 3 km [37]. Thus, in this model, the maximum distance
between the beginning nodes and the destinations is 3 km. the map considers different
scores for every distance level from 0 to 3 km. over the next steps, this map will be
overplayed by the PET map to define the scenarios of a green pedestrian network.

3.6. Study Site

Imola is a historical city with a 204 km2 area and a population of about 70,000, located in
the metropolitan region of Bologna, Italy (Figure 4). It has a humid subtropical climate with
mid-latitudes, with frigid winters and hot, muggy summers. Winters are chilly and somewhat
overcast, whereas summers are pleasant and almost clear. The average annual range of the air
temperature is between −0.5 ◦C and 31.11 ◦C, seldom falling below −5 ◦C or rising beyond
35.5 ◦C. Maximum temperatures in July typically range from 30 to C. With a low temperature
of −1 ◦C on average, January is the coldest month. With 95 mm of precipitation, November
is the wettest month. August is the sunniest month, with about 11 h of sunlight. With only
43 mm of precipitation, July is the driest month. The selected neighbourhood in Imola is the
historical core of the city with scarce street tree canopy cover and low-rise building structures.
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4. Model Validation

The results are validated by in-situ measurements based on hourly mean radiation
transects on 7 and 8 June 2018, from 8:30 to 20:30, and on 3 and 8 July 2019, at 12:30 (peak solar
radiation), 15:30 (peak Tair), and 20:30 (peak solar radiation), (after sunset). The validation
days were typical summer days with a clear sky, light breeze (0.7 ms−1 on average), and
relative humidity (11.1% on average), peak Tair of 39.0 to 40.9 ◦C, and peak MRT of 64.8
to 69.4 ◦C. With an overall RMSE of 5.37 ◦C and an index of agreement of 0.96, the model
performed well. The model’s low systematic RMSE of 0.6 ◦C and high unsystematic RMSE of
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4.6 ◦C show that model parameters are suitable and that most of the error is accidental. As a
whole, our model tends to overestimate MRT with a mean bias error (MBE) of 3.5 ◦C. 4.5 ◦C
is the MAE, or Mean Absolute Error. In comparison with the majority of other models, our
model performs best for open locations with an RMSE of 5.1 ◦C.

5. Results

A typical summer day, the 25th of June, is selected for the simulation. The weather
data according to the weather input data in the method section was generated for Imola.
The simulation was run on a PC with a 3.19 GHz CPU and 32 GB of RAM. Each run of sun
path charts to estimate the effects of shading took 3–4 h and each hour of PET simulation is
run for less than 2 min. It is worth noting that the sun path runs for every site were run
only once and later on the generated chart was used for hourly PET simulation that made
possible the real-time running of the 3-dimensional city digital twin. The output of thermal
comfort indices for 7 a.m., 12 p.m., and 5 p.m. was extracted for the analysis of the city
microclimate since these have the most pedestrian flow in the city center part of Imola.
The high level of pedestrian flow inside the city center makes it the most crucial hours for
thermal comfort. The results on the pedestrian level are visualized in the Rhino platform.
Figure 5 shows the spatial variation of PET over the study site.
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5.1. The Pedestrian Urban Comfort through the Routs Based on PET Values

The PET value is considered based on (4). This model considers a human body of a
35 years old, male and 180 cm tall, 75 kg, and a clothing index of 0.5 in a lightweight activity
level. Some preliminary results can be derived from the spatial variation map of PET. The
main point is that when the L/W of the street is high, the vegetation coverage of the street
does not impact the PET range; however, previous studies have indicated a meaningful
correlation between enhancing greenery and PET value based on air temperature [38].

The maximum reduction of the PET value in engineering shades (building shades)
can be up to 4 degrees while under the trees’ shade the maximum cooling effect can be
approximately 5–6 therefore trees can afford cooler shade during a typical summer day.
However, a tree’s shade depends on whether it is coniferous or deciduous and also on the
level of leaf area can have different impacts on Tmrt and PET. The core part of Imola has a
scarce vegetation cover but the compact urban context creates a shaded area in most of the
pedestrian routes. However, in the sub-centres and open spaces with a lower L/W ratio a
considerably higher level of PET is indicated. As Figure 6 shows, the range of PET over
the day 25th of June goes from moderate cold stress to moderate heat stress which means
during the peak heat hour of the day pedestrian feels the heat of over 35 degrees on the
streets, especially in sub-centres of the historical core of Imola.
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5.2. The Pedestrian Routes from Residential Buildings to Urban Public Nodes

This section presents the results of the walkability. The level of connectivity depends
on the number of connections every street has and highly dense connectivity in a street
means that the street has a higher capacity for enhancing walkability. In the historical
core of Imola, the level of connectivity varies from 1 to 5, however, the majority of them
are connected to less than 2 other streets. The city core of Imola is structured based on
local access and each building block is surrounded by E-W and N-S streets. There are
several sub centers defined by historical attractions, and nearly zero number of dead-end
streets indicates the potential for creating a green pedestrian network in the historical core.
Figure 7 shows the distribution of tourist attractions and local destinations that will define
the form of the GPN in the next design step. The core city of Imola is divided into segments
and this can create spatial pedestrian movement and accessible patterns.
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These results provide a proof of concept for the application of microclimatic simula-
tions in urban development to illustrate the possible cooling advantages of GPN designs
and integrate the adaptation of greening schemes. As it is indicated in earlier studies,
there is a strong correlation between greenery, leaf area index (LAI), street orientation and
width, building layouts, and local microclimatic conditions. These considerations should
also be involved in the GPN design of the central part of the city. As Figure 8 indicates,
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overlaying the PET and walkability maps can generate the possible scenario for the site.
The connectivity of the urban green area and creating the circulation of the green routes
to make the most common local destinations inside the GPN are achieved. The area with
the highest level of PET has been targeted in this GPN. Application of this GPN indicates
a decrease of approximately 3 degrees in urban open spaces. However, a well-designed
GPN needs to address a wide variety of factors, including local businesses, safety criteria,
social concerns, and environmental aspects and there is not a single solution to work in any
urban context. Planning for a functional GPN depends on the urban context and should
not be considered a solid framework.
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6. Discussion

In accordance with ISO 7226, our model worked well with an overall RMSE for MRT
of little over 5 ◦C. While, most of the studies have noted higher MRT inconsistencies for
the current models, particularly in replicating sites with tree cover. The majority of the
models that are suggested in PET have been evaluated by ENVI-met [39–42]. These studies
have examined the effect of different parameters on thermal comfort and mutually have
reached the conclusion that a considerable decrease in mean radiant and air temperatures
at the pedestrian level can be obtained, creating improved microclimate conditions, and
increasing the plant ratio within the research area adds to noticeably lower PET [43–45].
Studies based on ENVI-met simplifies long-wave radiation of building surfaces and CFD
modeling. However, due to the recent advancements in the model’s radiation strategy
in ENVI-met, which further increases computational complexity but greatly improves
accuracy, upcoming ENVI-met investigations may reveal reduced inaccuracies [46,47].
There are other studies that have used Rayman [35,48–50] and did not simulate CFD and
also the long-wave radiation from building surfaces. Studies based on SOLWEIG [51]
have neglected wind velocity. In most of the thermal comfort studies, the radiative and
convective models are employed separately, while in this model both models are calculated
in parallel.

In a nutshell, the model accuracy of our 3-dimensional GPN digital twin, which links
several Rhinoceros engines, is equivalent to that of other Ladybug tool studies, but it
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outperforms microscale models like RayMan, ENVI-met, and SOLWEIG, particularly in
areas with tree cover. There are some restrictions on our model’s handling of atmospheric
variables. First, and this is crucial in open highrise LCZs, reflected shortwave radiation from
facades is not taken into account by the MRT calculations. Second, the SolarCal method
presently overestimates incoming shortwave radiation because of its simplifications. Last
but not least, our methodology overestimates heat in the research domain by excluding
evapotranspiration from trees.

To the best knowledge of the authors, this digital twin is the first real-time thermal
comfort model that can also consider the walkability of a neighborhood instead of keeping
the scale limited to a street. Outdoor thermal comfort and the level of outdoor activity are
closely linked and this study fills the gap between these two concepts and gives a mutual
understanding about it on a neighborhood scale.

7. Conclusions

Urban population growth has resulted in economic and environmental problems at
a global level that negatively affects cities and, as a result, urban planning practices. The
reduction of carbon emissions has been the focus of urban planning and architecture more
and more in recent years [52]. One technique to create low-carbon and liveable cities is
through the remodeling strategy of reconfiguring urban tree plantings. In this regard, one
of the most cutting-edge technological innovations for urban planning is employing digital
twins. This paper proposed a 3-dimensional city digital twin for evaluating pedestrian-
level thermal comfort in urban spaces. The model explores the potential for walkability
in the city center of Imola and the possibility of planning a GPN. The method involves
modeling PET and walkability indicators based on accessibility and connectivity criteria.
The proposed model in this study highlights the advantages that greenery has for the
pedestrian in compact urban contexts.

The suggested GPN digital twin, which comprises a hybrid model that adopts a
unique approach to MRT and PET modeling, contributes to the literature of this subject by
simplifies difficult ideas and critical procedures for the construction of an urban climate
comfort and walkability digital twin. It is a holistic strategy that employs a variety of
engines and uses the result of one stage as the data for the following step in an integrated
manner to reduce computation error. Second, it makes use of a precise 3D representation
of the geometric characteristics of trees and structures, along with DSMs from previous
case studies. Additionally, a method for producing real-time meteorological data files for
the experiment day is suggested for analyzing surface temperatures to get precise hourly
results. Practically, the model can assist policy-makers and decision-makers in developing
a greening master plan for street greening to create sustainable and climate-sensitive, and
healthy cities.

In the future, our fast and easy-to-use model can assist urban planners and designers
determine optimal spaces for tree planting. The cooling potential of added street trees is
greater in urban areas with lower L/W ratios such as open spaces in urban contexts. This
model also in the future can be used to further determine the optimal type of tree spacing
(clustered vs. dispersed), leaf area density, and crown size in various urban contexts.
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