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This study advances urban planning and climate adaptation science by
employing Information and Communication Technologies (ICT) for a detailed
assessment of urban microclimate and user comfort in Ljubljana, Slovenia.
The research addresses a significant gap in urban environmental assessments
by providing real-time, fine-granularity data to support urban planners in
tackling comfort-related issues at the street level. Using a previously developed
microclimate and user-comfort street assessment protocol, the study conducts
an in-depth case analysis of five distinct streets in Ljubljana. Data on temperature,
noise, humidity, and air quality were collected using ICT tools and analyzed
with Geographic Information System (GIS) technology tomap and identify zones
with varying comfort levels. Themethodology systematically analyses these data,
allowing for descriptive and cumulativemapping of comfortable, uncomfortable,
and extreme uncomfortable zones across diverse urbanmorphologies, including
historic, contemporary, high-density, and low-density areas. By identifying
microclimate and user-comfort issues, the study provides insights into site-
specific conditions and reveals di�erences in conditions based on the type of
urban pattern. On all five streets, we identified the presence of uncomfortable
temperature and noise conditions. Street 1, Zone I is the most critical area,
with extremely uncomfortable conditions for 24%−81% of the time and
uncomfortable conditions for 68%−89% of the time. The findings demonstrate
that environmental conditions can vary considerably between individual streets,
within compact urban areas of Ljubljana. This underlines the value of spatially
distributed data collection as a necessary complement to traditional monitoring
systems, which are typically limited to only a few fixed locations used by the
city. The confirmation of the hypothesis “Detailedmicroclimate and user comfort
related data gathered by the ICT and GIS based protocol for street assessment
can significantly assist urban planners in better recognition and interpretation of
microclimate and user-comfort related issues in urban environments” establishes
the primary contribution of this research. This study o�ers a transparent,
replicable method that urban planners can use to assess environmental
conditions and make informed decisions for improving urban quality.
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1 Introduction

Microclimate and user-comfort parameters, as site-specific
conditions affecting human comfort, remain underutilized in urban
planning and environmental research. Current studies, while often
covering valuable microclimatic aspects relevant to urban planning
(Liu et al., 2022; Ysebaert et al., 2021; Xu et al., 2023), lack an
integrated approach that equips urban planners with the necessary
methods to comprehensively assess city streets and identify areas
requiring targeted interventions (Ravnikar et al., 2023). Despite
advancements in simulation tools (Cheng et al., 2022; Lai et al.,
2022; Zhao et al., 2024), which enable a better understanding
of the relationships between built and natural environments
and their impact on human comfort, comprehensive approaches
based on real-world data are still needed in urban planning
practice and research. Precise and real-time environmental data
capture conditions as they are actually experienced by users,
offering a more accurate and context-specific representation of
environmental comfort in urban areas, and helping to identify
micro-scale issues that simulations might overlook. The absence
of such bottom-up approaches hinders cities’ ability to accurately
identify environmental challenges at the street level, which is a
critical prerequisite for developing targeted, effective interventions
that enhance urban environments. Acknowledging these gaps, our
study applies an Information and Communication Technologies
(ICT) and Geographic Information System (GIS)-based street
assessment protocol developed by Ravnikar et al. (2023) to a case
study in Ljubljana, Slovenia. The protocol systematically evaluates
microclimate and user comfort, enabling the identification of
zones with frequent unpleasant conditions and highlighting
environmental challenges requiring attention. The study explores
the potential of this approach for assessing spaces in terms of
temperature, humidity, noise, and air quality by implementing the
protocol on five different streets belonging to five characteristic
urban patterns in the city. This study follows a dual approach:
firstly, collecting detailed microclimate and user-comfort related
data using the ICT, and secondly, conducting a descriptive
analysis using GIS, a map-based medium, to interpret and address
microclimate and user-comfort related issues identified by data
analysis. As already mentioned, methodologically, the core of
this paper is the implementation of a microclimate and user-
comfort related street assessment protocol (Ravnikar et al., 2023),
recognized for its effectiveness in acquiring precise data for
urban planning. The case study builds upon it and results in the
refinement of the protocol, enhancing its analytical capabilities
and evaluating its utility, particularly for identifying microclimate
and user comfort related aspects and issues, which represent
the first step toward improving human comfort and usability
of urban spaces. The method offers explicit and transparent
guidelines, proposing specific steps that urban planners/researchers
can follow to evaluate the microclimate and user-comfort related
conduciveness in public spaces concerning factors such as air
temperature (◦C), relative humidity (%), noise level (dBA), and air
quality [PM 2.5 (µg/m3)]. In conclusion, this approach highlights
the essential role of precise, ICT-enabled data collection and
analysis in urban planning, setting a robust foundation for future
initiatives aimed at improving urban environments. To sum up,
the main contributions of this study include the development of

a dataset with real-time, fine-granularity data that characterizes
user-related comfort conditions in Ljubljana, capturing critical
environmental parameters of user-related comfort conditions.
Additionally, the study introduces a systematic data evaluation
framework, which focuses on analyzing individual parameters and
defining zones that indicate varying levels of comfort. Furthermore,
the study focuses on simultaneous parameter analyses and defines
zones indicatingmicroclimate and user-comfort related issues. This
research ultimately provides urban planners and city managers
with actionable insights, empowering them with an approach to
effectively address urban planning issues and enhance the overall
quality of urban spaces.

2 Background

Microclimate and user comfort conditions in urban areas are
influenced by weather and various urban settings. Variations in
building heights, street widths, vegetation, and surface materials
interact to affect temperature, humidity, wind patterns, and
air quality (Li et al., 2022, 2024; De Groeve et al., 2024;
Tian et al., 2024). This interaction of urban design elements
creates distinct microclimate variations across different areas,
significantly influencing human comfort and the usability of
spaces (Nikolopoulou and Lykoudis, 2007; Gehl, 2011; Antoniou
et al., 2024). According to Barry (1970), microclimate conditions
can vary between 1 and 100 meters, allowing for a diverse
range of environmental conditions within a relatively compact
geographical area. The localized climate phenomenon leads to
unique issues and opportunities in urban planning. Although cities
collect environmental data through fixed-position measurement
stations, these do not allow for an understanding of site-specific
conditions within the urban fabric. As highlighted by Ravnikar et al.
(2023), understanding precise, locally influenced environmental
conditions and incorporating microclimate and user-comfort
considerations into urban planning is essential. Identifying these
detailed conditions is a crucial first step in enhancing human
comfort. Therefore, spatial and temporal resolution is important,
and data must be in a format that urban planners can work
with—geolocated data in the form of maps (Ravnikar et al., 2023).
To analyze the microclimate characteristics of places, the analysis
must include the following parameters: air temperature (◦C), solar
radiation (W/m²), surface temperature (◦C), relative humidity (%),
and wind speed (m/s). According to the literature, these factors
significantly affect microclimate conditions and human comfort
in urban areas (Ragheb et al., 2016; Bherwani et al., 2020; Sun
et al., 2023). Additionally, in addressing the user-comfort aspect,
it is also important to pay attention to the level of noise (dBA)
and air quality, including PM 1.0, PM 2.5, PM 10.0 (µg/m3),
and CO2 levels. As these factors as well significantly affect the
comfort of spaces (Day, 2007; Guan et al., 2020; Miao et al., 2022;
MacCutcheon, 2021). In addition to considering these parameters
individually, it is essential to account for their synergistic effects,
as their combined influence can significantly intensify human
discomfort. For example, the combination of high temperatures
and elevated humidity levels has been shown to greatly reduce the
body’s ability to dissipate heat through evaporative cooling, thereby
increasing the risk of heat stress (Bu et al., 2024; Huang et al., 2021).

Frontiers in SustainableCities 02 frontiersin.org

https://doi.org/10.3389/frsc.2025.1542126
https://www.frontiersin.org/journals/sustainable-cities
https://www.frontiersin.org


Ravnikar et al. 10.3389/frsc.2025.1542126

Similarly, simultaneous exposure to noise and heat can exacerbate
both physiological strain and psychological stress responses (Jafari
et al., 2019; Golmohammadi and Darvishi, 2020). Moreover, poor
air quality combined with elevated temperatures has been linked
to higher rates of respiratory illness and mortality (European
Environment Agency, 2023). Recognizing these combined effects is
essential for developing assessments of urban comfort, as isolated
parameter analysis may underestimate the true environmental
burden experienced by individuals.

The inclusion of microclimate and user-comfort aspects in
the planning process enables planners to assess places, identify
potential issues, and propose solutions that enhance human
comfort and the usage of space. However, Ravnikar et al. (2023)
concluded that despite progress in developing new and innovative
methods for gathering microclimate-related data, the review of
existing techniques for mapping microclimates has revealed a
significant knowledge gap in accurately determining microclimatic
conditions at the pedestrian scale.

In this paper, we explore the potential of mapping microclimate
and user-comfort in the context of smart cities, particularly
through the collection of real-time data using ICT tools. The
deployment of dense networks of IoT sensors and other ICT tools
marks a transformative shift in how we monitor and manage
urban environments (Mitro et al., 2022; Esfandi et al., 2024;
Ullah et al., 2024). Integrating these technologies into regular
urban management practices presents a significant opportunity to
enhance the precision of environmental monitoring and urban
planning strategies, thereby optimizing urban living conditions
and sustainability efforts. For instance, the ability to continuously
monitor and analyze environmental conditions via smart ICT
systems allows for dynamic responses to environmental changes.
Real-time data can activate systems that alert users when air quality
is poor (Park et al., 2021), sensors measuring the heat island effect
can inform urban planners where interventions are needed (Zhang
and Yuan, 2023), and IoT systems for water-use efficiency can
automate irrigation (Obaideen et al., 2022). Additionally, IoT-based
sensors for flood monitoring and mapping (Arshad et al., 2019)
can facilitate timely responses to flooding, thus ensuring optimal
living conditions.

2.1 Hypothesis

Detailed microclimate and user comfort related data gathered
by the ICT and GIS based protocol for street assessment can
significantly assist urban planners in better recognition and
interpretation of microclimate and user-comfort related issues in
urban environments. This research aims to demonstrate how such
technological integration can enhance urban planning by providing
detailed insights into environmental conditions variations and
possible issues.

3 Method

This study follows a case study approach, employing a protocol
for gathering and analyzing microclimate and user-comfort related

data. The methodology is based on map-making and map-
interpreting comfort related data to evaluate streets in terms of
possible urban planning issues.

Firstly, the methodology follows a Ravnikar’s et al. (2023)
protocol for street assessment and performs the steps for data
collection as well as designing a measurement campaign on five
streets in five urban areas in Ljubljana, Slovenia. Secondly, an
evaluation framework is established, based on data clustering, to
create an inventory of comfort and to identify microclimate and
user-comfort issues relevant for urban planning.

Detailed information regarding the protocol and the device
used to collect the data is available in Ravnikar et al. (2023)
(Section 3.2), and the data that support the findings of this study
are publicly available from Zenodo at https://zenodo.org/records/
10932142 (Ravnikar, 2024).

3.1 Protocol for microclimate and
user-comfort related street assessment

The device was used to measure performance while attached
to the bike. According to Ravnikar et al. (2023), the protocol
follows four key steps: defining the area and the period of
measurement; selecting the parameters to be measured and
evaluated; determining the measurement time intervals; and
analyzing the collected data. The final step focuses on examining
comfort across streets while simultaneously analyzing the overall
comfort rating to identify environmental issues. In this study, we
present this step separately in Section 3.2—Evaluation Framework

for Data Analysis—as we have refined it compared to the original
protocol by introducing a more detailed zoning process that
aggregates locations based on the frequency of comfort condition
occurrences. This refinement begins with Step 3.2.3 and was
necessary due to the larger volume of data collected, which
required a more structured approach for evaluating zones—not
only based on the presence ofmultiple simultaneous environmental
challenges, but also considering the criticality derived from
the frequency of uncomfortable conditions. This method allows
for a more comprehensive and precise classification of zones,
considering both the simultaneity of environmental effects and the
prevalence of various comfort conditions.

3.1.1 The measuring area and time-period
The city of Ljubljana has ∼293,820 inhabitants, and is known

for its continental climate, characterized by cold winters and
warm summers.

To cover versatile microclimate and user-comfort
conditions, relevant selected streets or places are to be chosen
within representative urban morphologies. Also, the entire
observation/measuring period is to be defined regarding the
main focus of the study and relevant research questions. It is
recommended to cover an enclosed time period that corresponds
with the issue of the research.

Accordingly, in the case of Ljubljana, five streets, spanning from
220m to 1,800m, with different morphological characteristics,
are selected for in-depth analysis (Figure 1). The first street is
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FIGURE 1

A layout of five selected streets within the five characteristic urban patterns of the city of Ljubljana (Slovenia) along with corresponding zones
indicating varying levels of comfort (expressed with number) and zones indicating microclimate- and user comfort-related issues presented
(expressed with Roman number).

characterized by a relatively compact urban pattern with areas of
both low-density and high-density urban configurations combined
by natural morphological features such as urban tree lines and
small sized green spaces (mostly linear) (Table 1). The second street
is characteristic of a low-density urban pattern, where the most
common morphological features include linear green spaces along

the street, small sized compact green area, and private gardens with
individual trees providing shade to the street. The third street is
defined entirely as open space, characteristic of an urban forest
representing a natural morphological feature, including natural
terrain and dense, high vegetation. The fourth street transitions to
densely built-up urban pattern, where besides the large presence of
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TABLE 1 Spatial characteristics of pilot cases.

Spatial
parameter

Street 1 Street 2 Street 3 Street 4 Street 5

Urban pattern Relatively compact urban
pattern with areas of
low-dense and dense
urban pattern

Low-density urban
pattern

Open space pattern Densely built-up urban
pattern

Densely built-up historic
urban pattern

Dimension of
the streets

530m long, 4.4–10m
wide

215m long,∼2.4 wide 2,300m long,∼3.2 wide 672m long,∼7m wide 1,400m long, 3.5–18m wide

Width of the
building street
corridor

∼20m, although in
certain areas, the corridor
includes openings of
parking spaces.

∼20m. / ∼50m, while in certain
areas, corridor includes
openings—park area,
square, parking area.

The width of the building
corridor varies across
different segments, ranging
from 3.5–36m, while in
certain areas, there is no
corridor due to the presence
of a river, park, square.

Hight of
buildings

Most of the buildings are
two stories high.

Most of the buildings are
one, two stories high.

/ Most of the buildings are
ten stories high.

Most of the buildings are
three or four stories high.

The presence
natural
morphological
features

Low presence.
(Urban tree lines, linear
green spaces along the
sidewalk and compact,
small sized green spaces)

Moderate presence.
(Linear green spaces along
the sidewalk, compact,
small sized green spaces)

High presence.
(Urban forest, linear
green spaces along the
sidewalk, compact, large
sized green spaces)

Moderate presence.
(Urban tree lines, linear
green spaces along the
sidewalk and compact,
small sized green spaces)

Low presence.
River, compact green space,
and line of trees along the
river.

paved surfaces, the natural morphological elements consisting of
linear green spaces, including lined urban trees and compact green
spaces, occur. Finally, the fifth street is characterized by a densely
built-up historic urban pattern and is located in the historic city
center. Minimum natural morphological features are present: river,
compact green space, and line of trees along the river.

The time-period was set up in August 2022, to cover the
period when temperatures due to summer season are expected
to be high (and the maximum values regarding the temperature
can be collected), and where due to holiday season (less traffic)
traffic-caused noise was expected to be lower (to cover, easily
bearable conditions regarding noise). The campaign was scheduled
to run daily, excluding rainy days (summer storms), covering
morning and afternoon sessions of the day. It resulted in 37 data
collection sessions over 23 days, with 23 in the afternoon and 14
in the morning. While the data collection was limited to August,
to demonstrate the type and approach toward the analysis to
inform urban planning and design about the potential of various
microclimate- and user comfort-related data for urban planning,
a comprehensive analysis would benefit from incorporating data
across various months, to adequately cover the behavior of each
parameter over the year or season.

3.1.2 Parameters to be measured and evaluated
To cover the parameters relevant for human comfort in urban

environments, it is crucial to define those that reflect on the
phenomena studied and if possible, also to be comparable data
available from eventual stationary sources of microclimate or other
place quality related data. According to the literature, the most
common are air temperature, solar radiation, humidity, also wind
velocity, air quality, and level of noise. Some very detailed studies
may focus also on more subjective parameters such as human
perception and place attachment, or even typology of activities and
clothing worn by that.

However, this paper, using the data collected for setting up the
protocol for street assessment (Ravnikar et al., 2023), uses the basic
parameters that are provided by the device which hardware consists
of sensors for the simultaneous collection of environmental data
of air temperature (◦C), relative humidity (%), noise level (dBA),
and air quality [PM 2.5 (µg/m3)]. Despite this, these parameters
represent a basic set of parameters measured for quality of living
in urban environment and are therefore considered as sufficient to
analyze a city’s microclimate- and user comfort-related conditions,
and to assess the potential of this approach for user-comfort
interpretation in urban planning based on the collection of these
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real-time data. Yet, the procedure can easily be expanded to include
new and relevant parameters if needed.

3.1.3 Time intervals
Time intervals are defined to capture the required

environmental conditions on pilot cases. They may require
either minimum or maximum values, or any significant values in
line with the research focus.

This study was focused in the conditions on the street in the
usually used for commuting (morning, afternoon). To capture the
air quality and noise pollution, as well as the heightened afternoon
temperatures in these peak times, the intervals were set from 7:30 to
9:00 a.m. and from 3:00 to 5:30 p.m. During these intervals, the tool
used facilitated data collection at five-second intervals, providing a
high level of data temporal resolution (for more see Ravnikar et al.,
2023).

In the further steps (data analysis), morning and afternoon
sessions are analyzed together, as the primary focus of this study is
to evaluate overall commuter comfort throughout the day by using
the same path in both the morning and afternoon. By combining
data from both periods, we aim to capture a comprehensive picture
of comfort levels over an entire day, rather than isolating conditions
to one time. This approach helps urban planners identify locations
with persistent issues. However, the method can be adjusted to
focus on time-specific variations if needed, allowing for separate
analyses of morning and afternoon conditions.

3.2 Evaluation frame for data analysis

The evaluation framework is set up to perform the analysis
of comfortable, uncomfortable, and extremely uncomfortable
conditions and to indicate possible microclimate and user-comfort
issues for urban planning.

The first steps (3.2.1 and 3.2.2) are related to data clustering
which start with data transfer from the ICT device equipped with
sensors for collecting data about air temperature, relative humidity,
noise level, and particulate matter, to its aggregation against specific
comfort level and single as well as multiple parameters evaluation.
To enhance data precision further, we calibrated the collection
speed to 7 km/h, so the device took measurements at 5-s intervals,
where regarding the speed of cycling, measurements were taken
every 10m. Subsequently, an inventory of comfort conditions is
conducted (Section 3.2.3) and spatial zones (expressed by numbers)
are allocated reflecting the full range of comfort levels (Section
3.2.4). Finally, an evaluation of conditions related to microclimate
and user comfort is performed (Section 3.2.5), and the final zones
are formed, represented by Roman numerals (Section 3.2.6).

3.2.1 Data preparation
The data is initially stored on a SD card within the ICT device

hardware, therefore transfer of the datasets from the SD card to GIS
software represents the initial step of the analysis and evaluation
process. This transfer is necessary to utilize the powerful analytical
capabilities of GIS, allowing for the integration, manipulation,

and visualization of spatial and temporal microclimate- and user
comfort-related data.

As part of the data preparation process, data aggregation and
data mining techniques are needed. Given the quantity of dataset
obtained from any device, the objective is to identify patterns in the
occurrence of microclimate- and user comfort-related conditions,
and to interpret these occurrences in terms of human comfort
levels and identifying possible microclimate- and user comfort-
related aspects. GIS environment allows a systematic aggregation
of the data by grouping them according to specific parameters such
as time, date, location, type of microclimatic parameter, level of
comfort, and its occurrence rate in a place.

3.2.2 Data clustering to identify human comfort
zones

To interpret data through the lens of human comfort, the
analyses consider a range of conditions that people perceive
as comfortable, uncomfortable, and extremely uncomfortable. A
thorough literature review is necessary to identify the thresholds
that define intervals indicating ranges of comfort for each
parameter. For the European context, the classifications of comfort
values for temperature are as follows (SimScale, 2025; Roshan et al.,
2019; Sánchez Jiménez and Ruiz de Adana, 2024).

• Comfortable: 18–25◦C
• Uncomfortable: 25–35◦C
• Extremely uncomfortable: above 35◦C

Considering noise, the classification is based on the
Environmental Noise Guidelines, using following threshold
intervals: WHO (2022, 1999).

• Comfortable: 0–53 dBA
• Uncomfortable: 53–70 dBA
• Extremely uncomfortable: above 70 dBA

Air-quality intervals are also based on the World Health
Organization’s air-quality guideline values (WHO, 2021) and are
stratified as follows:

• Comfortable: 0–20 µg/m3

• Uncomfortable: 20–25 µg/m3

• Extremely uncomfortable: above 25 µg/m3

Humidity was addressed in line with the general
recommendations for indoor and outdoor humidity in European
climates and is considered as follows:

• Comfortable: 0%−30%
• Uncomfortable: 30%−60%
• Extremely uncomfortable: above 60%

Having defined the intervals of comfort levels for each
parameter, GIS based maps legends are adequately suggested:
green representing comfortable values, orange representing
uncomfortable values, and red representing extremely
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FIGURE 2

Legend for interpreting environmental data in relation to human comfort values. Di�erent colors indicate varying levels of comfort, based on a
threshold classification of comfort ranges. As an example, the illustration presents 37 measurement sessions (23 in the afternoon and 14 in the
morning), recorded over 23 days on Street 1, where all three comfort levels were observed: comfortable (green), uncomfortable (orange), and
extremely uncomfortable (red).

uncomfortable values (see Figure 2). Additionally, to better
contextualize and understand the linkage between comfortable
conditions, environmental data, and spatial elements, it is
recommended that the base layer of satellite images is also a part
of geolocated information on a map. Additional layers such as
detailed vegetation plans can be also beneficial so streets can be
analyzed in terms of presence of natural morphological features.

3.2.3 Identifying comfort zones: single-parameter
mapping of individual comfort levels

This step involves creating an inventory of comfort conditions
for each pilot case, where locations are analyzed independently
based on a single parameter and categorized into autonomous
comfort levels: comfortable, uncomfortable, and extremely
uncomfortable (see Figure 3). The process begins by mapping
locations where comfortable conditions frequently occur during 37
data collection sessions conducted over 23 days. To achieve this,
data from individual sessions reflecting comfortable conditions are
overlapped. In areas where the data is graphically concentrated
on the map—indicating a frequent occurrence of comfort—the
zones are formed using hand-drawn polygons in GIS software.
The zoning process used to define zones with uncomfortable
and extremely uncomfortable conditions followed the same
approach. “Frequent occurrence” term refers to conditions that
are present at least 20% of the time across the 37 measuring
sessions. This threshold is defined regarding the percentage of

the total measurement sessions, ensuring the reliability of the
case. In this pilot study, a minimum threshold of 20% was set,
meaning that only conditions occurring in at least 7 individual
sessions over the entire measurement period are considered
significant. This relatively low threshold was chosen to enable a
detailed examination of variations in environmental condition
patterns, allowing urban planners and researchers to develop
specific inventories of comfort conditions. However, the threshold
for identifying microclimate- and user comfort-related issues on
streets, as presented in the 3.2.5 step, is set at a higher level.

3.2.4 Identifying the spectrum of comfort:
single-parameter analysis

Cumulative maps for individual parameters are developed to
reveal the full spectrum of comfort across the observed streets. This
is accomplished by overlapping single comfort level maps defined
in the previous step (see Section 3.2.3). The overlapping process
of maps generates new zone formation (expressed numerically 1–
37), where due to the intersection of zones with individual comfort
levels, new zones indicate a complete range of comfort levels
(see the Figure 4). The overlapping process is done without any
hierarchy, meaning a single zone can simultaneously reflect all
three comfort levels—comfortable, uncomfortable, and extremely
uncomfortable. The purpose of this overlapping is to ensure that
no comfort level is prioritized over another, allowing multiple
comfort conditions to coexist within the same spatial area. This
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FIGURE 3

Example of zone definition, indicating areas where a specific level of comfort for a selected parameter is frequently present in space (i.e., for more
than 20% of the time measured). The illustration specifically refers to noise conditions, showing where di�erent comfort levels—comfortable (green),
uncomfortable (orange), and extremely uncomfortable (red)—occur frequently enough to define distinct spatial zones.

FIGURE 4

The figure presents the zoning process based on the overlap of individual comfort maps, resulting in spatial zones that reflect the overall comfort
spectrum.

coexistence of comfort levels at the same locations is possible
because the environmental conditions recorded at each location
(measurements taken every 10m) can vary significantly. This
variability highlights the dynamic nature of the urban environment,
where microclimatic differences and localized influences result in
diverse comfort levels within a short distance.

Further, a statistical analysis is conducted to calculate the
percentage occurrence of each comfort level within each zone.
This analysis is graphically represented by multiple rings, with
different colors (see Figure 5) indicating the most frequently
observed comfort levels: red for “extremely uncomfortable,” orange
for “uncomfortable,” and green for “comfortable” conditions.
These rings are based on percentage occurrence of data from
37 measurement sessions. Importantly, the percentages within
a single zone do not sum to 100%, as each comfort level

can independently range from 0%−100%, depending on how
frequently each condition was present.

Considering the described approach, it is possible to compare
streets based on the presence of specific comfort levels. However,
when performing such a comparison, it is crucial to take
into account the varying dimensions of individual zones within
each street, as these differences can significantly influence the
interpretation of comfort level distribution.

3.2.5 Identifying microclimate- and user
comfort-related issues (simultaneous parameter
analysis)

This step is performed by a new process of spatial overlapping
of zones, which are designated by Roman numerals I–XV (see
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FIGURE 5

Street 1, where zone formations (Zones 1, 2, 3, and 4) were generated by overlapping individual noise comfort levels, illustrates a spectrum of
comfort. For each zone, a donut chart illustrates the frequency of di�erent comfort levels, derived from statistical analysis of data collected across 37
measurement sessions. The colored rings represent di�erent levels of comfort: comfortable (green), uncomfortable (orange), and extremely
uncomfortable (red). These percentages are calculated independently for each comfort level and may range from 0% to 100%, meaning that the
segments within a single donut chart do not necessarily sum to 100%. This representation enables the identification of the most frequently observed
comfort conditions in each zone.
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FIGURE 6

The process of identifying critical zones through the spatial overlap of single-parameter discomfort zones for temperature, noise, air quality, and
humidity. Only areas with frequent uncomfortable conditions (occurring more than 50% of the time) and extreme discomfort (from 1% occurrence
onward) were included, while comfortable zones were excluded. The integration of all parameters resulted in the formation of new zones, delineated
with Roman numerals (I–III in this example) and marked with dashed boundaries on the map. In addition, the lower part of the figure indicates the
intensity and type of discomfort contributing to each zone.

Figure 6). The process includes an analysis of all zones where
uncomfortable conditions are present more than 50% of the
time, and extreme conditions from 1% onwards, indicating
environmental issues. Comfort zones were excluded from

consideration. The overlay was performed simultaneously for all
parameters, meaning new zones are offering information about the
frequency of discomfort and the type of parameter to which the
discomfort refers (see Section 4.3).
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3.2.6 Assessment of criticality of zones
considering multiple discomfort parameters and
frequency of occurrence

The next step is to assess the criticality of zones in terms of
the issue present. First, we evaluated the number of uncomfortable
parameters present in each zone. To reflect the compounded
impact of multiple simultaneous discomfort factors, we introduced
a rule that accounts for their combined effect. This ensures that
zones affected by multiple parameters are recognized as more
environmentally critical. Accordingly, the criticality categorization
assigns lower categories to zones with only one uncomfortable
parameter, and higher categories to those with several, based on
the premise that multiple discomforts typically indicate greater
environmental burden, for example, the combination of high
temperatures and elevated concentrations of fine particulate
matter (PM 2.5) significantly increases the risk of respiratory
diseases and mortality (European Environment Agency, 2023).
From a thermophysiological perspective, conditions involving
both heat and high relative humidity are particularly critical, as
they hinder effective evaporative cooling. When environmental
stressors exceed the body’s thermoregulatory capacity, various heat-
related illnesses, including heat stroke, may occur (Centers for
Disease Control and Prevention, 2024). In addition to physiological
impacts, psychophysiological effects must also be considered.
Simultaneous exposure to heat and noise, for instance, intensifies
both physiological and psychological stress responses (Bodytrak,
2024; Jafari et al., 2019; Golmohammadi and Darvishi, 2020). Even
in the absence of direct synergistic effects—such as between noise
and humidity—cumulative exposure can still elevate perceived
stress levels. Particularly concerning is the combination of noise
and PM 2.5, which represents a typical case of environmental
double stress with direct and compounded health effects (Babisch
et al., 2014).

Due to the complexity of the interactions between parameters
and the difficulty of determining an absolute hierarchy of
combinations, we have introduced a simplified criticality
assessment in this study. Category 4 criticality: a single
environmental challenge is present; Category 3 criticality: two
simultaneous challenges are present; Category 2 criticality: three
simultaneous challenges are present; Category 1 criticality:
four simultaneous challenges are present. This classification
establishes a basic hierarchy of spatial prioritization, where a
higher number of simultaneous challenges mean a higher level of
spatial threat and thus a greater urgency for action (see Table 2).

The criticality rating is not based solely on the number
of simultaneous discomforts parameters but also considers

the frequency with which such conditions occur in a
given zone. This does not directly affect the criticality
category, but serves as an additional weight, illustrating
the increased severity of conditions within an already
determined category.

The weight category is divided into four classes:

• The highest class (class 1) is marked with the most intense
color. This class shows that the zone is exposed to the
most frequent uncomfortable conditions. Uncomfortable
conditions of all parameters are present more than 50% of
the time, while extremely uncomfortable conditions of all
parameters are present more than 20% of the time.

• Class 2 (marked with a lighter color) includes zones where
uncomfortable conditions of all parameters are present more
than 50% of the time, and some parameters are characterized
by extreme conditions more than 20% of the time.

• Class 3 (marked with the lightest color) indicates zones where
uncomfortable conditions of all parameters are present for
more than 50% of the time, while extreme values are detected
in some parameters, ranging between 0% and 20%.

• Class 4, with the least pronounced uncomfortable conditions
(marked in white), indicates zones that are exposed to
uncomfortable conditions more than 50% of the time, but
without the presence of extreme conditions.

Such an approach allows for visual distinction between different
levels of criticality, with color shades clearly indicating the intensity
of environmental impacts within each zone.

4 Analyses and results

This section presents a comprehensive analysis of comfort
levels across the study area, focusing first on the evaluation
of individual environmental parameters of noise, temperature,
air quality, and humidity. Each parameter is assessed in terms
of comfortable, uncomfortable, and extremely uncomfortable
conditions, offering detailed insights into specific comfort levels
(Section 4.1). Subsequently, zones with a spectrum of comfort
for each parameter are presented, along with a comparison of
comfort based on urban patterns in the five streets (Section
4.2). The results are supported by maps, graphs that illustrate
the proportion of comfort levels across the zones within
the streets, in Table 3, providing a visual summary of the
comfort spectrum. Finally, the simultaneous parameter analysis

TABLE 2 The categorization of criticality is based on an analysis of the number of simultaneously present environmental challenges at a given location,

which is shown in the table by the number of exclamation points (!).

Pilot
street

Number
of the
zone

Identified
noise issues

Identified
temperature
issues

Identified
air quality
issues

Identified
humidity
issues

Final comfort rating in terms
of the simultaneous
presence of issues

Street Zone. . . • !

Zone. . . | • • !!

Zone. . . • • • • !!!

Zone. . . • • • • !!!!

! A higher number of exclamation points indicate higher criticality, as it illustrates a greater simultaneous presence of uncomfortable conditions of different parameters.
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is presented, where the combined effects of these parameters
are examined to identify zones (expressed as I–XV) with
significant microclimate and user-comfort issues. The most

severe locations are identified, considering both the intensity
of uncomfortable conditions and the simultaneous presence of
multiple parameters.

TABLE 3 Visual summary of the comfort spectrum for each environmental parameter (temperature, noise, air quality, and humidity) across all zones in

the five analyzed streets.

Parameter Street 1
(Relatively compact
urban pattern with
areas of low-dense
and dense urban
pattern)

Street 2
(low-density
urban pattern)

Street 3
(open space
pattern)

Street 4
(Densely
built-up urban
pattern)

Street 5
(densely
built-up
historic urban
pattern)

Noise

Temperature

Air quality

Humidity

Each doughnut chart represents one zone and depicts the proportion of time that conditions were classified as comfortable (green), uncomfortable (orange), or extremely uncomfortable (red).

The consistent color coding enables quick and intuitive interpretation of comfort distribution within and across zones. A more detailed explanation, including the exact frequency values for

each comfort level, is provided in the main text.
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4.1 Identifying comfort zones:
single-parameter mapping of individual
comfort levels

Based on the proposed methodology, comfortable conditions
were identified in 27 zones, uncomfortable conditions in 20 zones,
and extremely uncomfortable conditions in 10 zones across the five
streets. These zones with a single comfort level vary in length along
the streets, with the shortest zone (zone 19) covering 50 meters.

In relation to noise, extremely unfavorable noise conditions
(above 70 dBA) were observed on individual parts of three streets
(street 1, street 3, and street 4). All three streets have heavy traffic,
while the other two streets (streets 2 and 5) do not have heavy
traffic. Uncomfortable noise conditions were found inmost areas of
all five streets, with this category representing the most frequently
present form of noise conditions in all analyzed areas. In addition,
comfortable noise conditions were also present on all five streets.
These are associated with the complete absence of intensive road
traffic or with the sidewalk being away from the noisy road.

In relation to the temperature parameter, extremely
uncomfortable conditions were detected on two streets (streets 1
and 2). A common feature of both streets is the limited presence of
greenery that would provide shade for pedestrians, which directly
affects the increased exposure to solar radiation. On streets 3, 4, and
5, shading is provided either by trees or by dense urban fabric and
tall buildings that create shade throughout the day. Uncomfortable
temperature conditions were found on most surfaces of all five
streets, reflecting the generally high daytime temperatures during
the measurement period. This category of conditions represents
the most frequently present temperature condition in all analyzed
areas. Comfortable temperature conditions are present on all five
streets, primarily due to lower morning temperatures.

Continuing with the air quality parameter. Extremely
uncomfortable conditions were not detected on any street.
Uncomfortable conditions are present on all streets, including
streets with reduced traffic or complete absence of traffic. The
frequency of uncomfortable conditions on streets 1, 3, 4, and
5 is not high, as they occur only between 27% and 49% of the
time measured. The exception is Street 2, which is in the urban
forest, where uncomfortable conditions were not recorded at
all. Comfortable air quality conditions are present on all streets,
mostly along the entire lengths of the streets, and occur with very
high frequency.

The comfort levels for the humidity parameter are consistently
comfortable across all zones and streets, where no uncomfortable
conditions were noted. Streets 1, 3, 4, and 5 faces comfortable
conditions 100% of the time, and street 2 experiences comfortable
conditions 97% of the time.

4.2 Identifying the spectrum of comfort:
single-parameter analysis and urban
pattern comparison across five streets

This section presents results related to zones with a spectrum
of comfort for each parameter (see Table 3), along with a
comparison of comfort across the five streets based on the

frequency of (un)comfortable conditions in relation to the length
of individual zones.

4.2.1 Noise
The noise parameter represents one of the most frequently

occurring uncomfortable parameters on all streets. Street 1,
relatively compact urban pattern with areas of low-dense and
dense urban pattern, ranks among the noisiest streets in terms
of the frequency of uncomfortable conditions compared to other
streets. Approximately half of the length of the street extremely
uncomfortable conditions are present in 68%−81% of the time
(zone 1 and zone 4, see Figures 6, 7), while uncomfortable
conditions are present along the entire length of the street 89%
of the time (zone 2). On a smaller part of the street, comfortable
conditions are present 24% of the time (zone 3). This coexistence
of different comfort levels in the same zones (see Table 3; Figure 7)
indicates that noise can vary significantly even within 10m. The
street experiences heavy traffic, especially near intersections, noise
is extremely uncomfortable. The street corridor measures between
20 and 60m in width, and most buildings are two-story. In areas
where the street has a particularly dense and compact urban pattern
without discontinuous empty spaces, the street corridor is narrow
(20m) and devoid of vegetation (zone 1). In such conditions,
the conditions are very poor, with extremely uncomfortable noise
conditions reaching 81%, while uncomfortable conditions are
present for 89% of the time.

Street 4, a densely built-up urban tissue, experiences the second
highest noise level of all streets. The main source of noise is
traffic. The street corridor measures about 60m. The buildings
are mostly ten-story. Natural morphological features include urban
tree lines, roadside green belts, green areas, and groups of trees.
Despite this, the street experiences extremely uncomfortable noise
conditions along almost its entire length 86% of the time, and
uncomfortable conditions are present 86% of time (zone 24, 25,
26). To a lesser extent, comfortable conditions are also present,
occurring 22%−35% of the time (zone 25, 26).

Street 5, which has a densely built-up historic urban pattern,
is the third noisiest street. In parts of the street (zones 30 and 31)
where there is also car and bus traffic, conditions are uncomfortable
between 80% and 100% of the time. In the old historic city part,
conditions are less uncomfortable. Zones 32 and 32 are close
to traffic so, in addition to uncomfortable conditions, which are
present 78%−80% of the time, comfortable conditions in zone 32
are present 24% of the time.

Then follows Street 3, with an open urban pattern. Despite
being in the middle of an urban forest, characterized by natural
morphological features of natural terrain, tall vegetation and green
areas, it runs parallel to a busy road, which is ∼50m away.
Along the whole street, noise varies with uncomfortable conditions
between 84% and 100% of the time. In the zone where the
traffic road approaches the street, as well extremely uncomfortable
conditions are present 62% of the time (zone 15). Along the
street, comfortable conditions are present between 0% and 78%
of the time, with higher frequencies observed in zones where
dense vegetation acts as a buffer between the busy road and
the street.
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FIGURE 7

Noise comfort levels across zones on all five streets, showing the relative share of extremely uncomfortable, uncomfortable, and comfortable
conditions within each zone. The chart highlights considerable variability in noise comfort both between and within streets. Street 1 stands out as
one of the noisiest streets, with extremely uncomfortable conditions present up to 81% of the time in zone 1, which extends across nearly half of the
street’s length. In contrast, Street 2 shows the highest share of comfortable conditions, with zone 11 being 100% comfortable despite 81% of the
time being categorized as uncomfortable.

The least noisy is Street 2 (zone 11), characterized by a low-
density urban pattern, where only local traffic is present. The
street corridor is 20m wide, providing sufficient space between
low-rise buildings (private housing) to allow for noise dispersion.
Conditions are uncomfortable 81% of the time and 100% of the
time comfortable.

Figure 8 provides a simplified overview of noise exposure
frequency across the five streets analyzed, highlighting spatial
differences in acoustic comfort.

4.2.2 Air quality
The air quality is consistently good across all streets.
Street 3, characterized by an open urban pattern and situated

in the middle of an urban forest, is the most comfortable in
terms of air quality. Conditions are classified as comfortable 100%
of the time, with no occurrences of uncomfortable or extremely
uncomfortable conditions (see Figure 9). Despite the proximity

of a busy road running parallel to the street, dense and tall
vegetation acts as an effective buffer against air pollution, resulting
in consistently high levels of air quality comfort.

As the second most comfortable in terms of air quality, follows
street 1. It has a relatively compact urban pattern with areas of
low and high density of urban patterns. There is a busy traffic
road, and the presence of natural elements is low, consisting of
sparse urban tree lines and two small sized green areas. The
entire street experiences comfortable conditions 92% of the time,
while uncomfortable conditions are present in zone 8, 35% of the
time. Despite the presence of a busy road and low proportion of
vegetation, the air quality is comfortable, which indicates that the
ventilation of the location represents an important aspect of air
quality related comfort.

The third most comfortable street is street 2, with a low-density
urban pattern. The presence of natural elements is moderate
including linear green spaces along the sidewalk and compact, one
small sized green space. Conditions along the whole street are
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FIGURE 8

A simplified visual representation of the frequency of noise exposure on five streets, with red indicating areas with extremely uncomfortable
conditions and orange indicating areas with uncomfortable conditions. Such conditions are most commonly present on streets 1 and 4, while street
2 is one of the most acoustic-comfortable, as illustrated by the green color. The representation is intentionally simplified, as detailed zones within
individual streets would not be discernible on a map of this size.

comfortable 100% of the time, yet local traffic contribute to the 27%
presence of uncomfortable conditions.

It follows street 4, densely built urban pattern, where a busy
road is present. The presence of natural elements is moderate,
including urban avenues and small green spaces. Despite the
whole street experiencing comfortable conditions 67% of the time,
a relatively high presence of uncomfortable conditions (37%) is
also recorded.

Street 5, characterized by its dense historic urban pattern,
is the most polluted among the analyzed streets. Uncomfortable
conditions occur 38%−49% of the time, while comfortable
conditions are present only 65% of the time. Although only
half of the street is affected by traffic, this can still negatively

impact the air quality of the entire street, as pollutants from
traffic can spread to enclosed areas. The dense urban pattern and
relatively tall buildings (mostly three- to four-story structures),
further impede air flow and contribute to the accumulation
of pollutants.

4.2.3 Temperature
High temperatures are present on all five streets (see Figure 10).

The comparison of temperature conditions below only applies to
streets that are comparable in terms of their spatial location, where
they have the same direction of sunlight during the same time.
These streets are streets 2, 3, 4, and half of the street 5.
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FIGURE 9

Air quality comfort levels across zones on all five streets, showing the proportion of comfortable, uncomfortable, and extremely uncomfortable
conditions. Street 3 demonstrates the highest air quality comfort, with 100% of the time classified as comfortable across all zones. Its location within
an urban forest contributes to optimal conditions—even though a busy road runs nearby. In contrast, Street 5, with dense historic urban pattern,
limited vegetation, proximity to tra�c, shows the lowest comfort levels, with uncomfortable conditions occurring up to 49% of the time.

FIGURE 10

Thermal comfort conditions across zones on all five streets, showing the proportion of extremely uncomfortable, uncomfortable, and comfortable
temperature levels. Among streets with comparable orientation, Street 5 stands out as the most thermally comfortable. Despite its dense historic
urban form and lack of vegetation, narrow street corridors and tall buildings provide consistent shading throughout the day, resulting in the highest
share of comfortable conditions. In contrast, Street 2 shows the lowest thermal comfort. Its low-density urban pattern, wide spacing between
buildings, and absence of tree cover led to minimal shading, making it the most heat-exposed street among those analyzed.
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The most comfortable temperature was found to be street
5 with a densely built-up historic urban pattern. Here, the
width of the corridor is narrow—between 8 and 20m, and
the buildings are higher than three floors. Due to the physical
characteristics of the corridor, shade was present along most of
the street in the morning and afternoon. This street consists
of two zones. Although Zone 33, located in the narrowest part
of the historic area, contains no natural elements, it shows the
most thermally comfortable conditions among all zones on streets.
In this zone, uncomfortable temperature conditions occur 68%
of the time, while comfortable conditions are recorded 31% of
the time.

The next least uncomfortable street is Street 3, an open urban
pattern, which is in an urban forest and is shaded almost all day.
Conditions are uncomfortable 70% of the time and comfortable
30% of the time.

It is followed by Street 4, which has a densely built-up urban
pattern. Uncomfortable conditions occur 81% of the time, while
comfortable conditions are present 30% of the time. Most buildings
are 10 stories high. Vegetation is also present in the form of tree
lines, linear green spaces along the sidewalk and small sized green
spaces between buildings. Shade is present on the street in the
afternoon, yet temperatures are still high.

Street 2, with a low-density urban pattern, is the most
uncomfortable in terms of temperature. There is more space
between the buildings, as it is individual housing with private
gardens. Green areas on the street are in the form of linear
green spaces along the sidewalk. Private gardens also contribute to
microclimate. However, sincemost of the buildings are one- or two-
story, and there are no tree lines, the street has the least shade of all
the streets. Therefore, conditions are extremely uncomfortable 16%
of the time, uncomfortable 57% of the time, and comfortable 30%
of the time.

4.2.4 Humidity parameter
The comfort levels for the humidity parameter are consistently

comfortable across all zones and streets, where no uncomfortable
conditions were noted (see Figure 11). Streets 1, 3, 4, and 5 faces
comfortable conditions 100% of the time, and Street 2 experiences
comfortable conditions 97% of the time.

4.3 Zones indicating microclimate and
user-comfort related issues

The analysis of simultaneous parameters’ effect allowed us to
identify zones where uncomfortable conditions frequently occur
(more than 50% of time), highlighting the presence of microclimate
and other user-comfort related issues. The findings are illustrated
on maps (Figure 12), which indicate the physical boundaries of
zones indicating user-comfort related issues, as well as the type and
frequency of related parameters.

Assessing the criticality of zones by evaluating the simultaneous
presence of environmental issues, combined with the intensity of
discomfort, allows for a more comprehensive understanding of
environmental challenges in urban areas. The graphical display
allows for the visualization of critical zones on a map (see
Figure 12), while Table 4 further explains the intensity of issues and
the presence of simultaneous impacts. This allows spatial planners
to more easily prioritize areas that need improvement and define
solutions that address specific noise and/or temperature challenges.

Below, individual streets and uncomfortable condition values
are presented in detail. Street 1, situated in a compact urban
area with both low-density and high-density development (see
Figure 12), faces two significant issues related to microclimate
and user comfort: high temperatures and high noise levels. Three

IGURE 11F

Humidity comfort levels across all zones and streets, showing a consistently high degree of comfort. Streets 1, 3, 4, and 5 experience comfortable
conditions 100% of the time, while Street 2 shows slightly lower comfort, with 97% of time classified as comfortable. No uncomfortable or extremely
uncomfortable humidity conditions were recorded across the study area, indicating that humidity did not significantly contribute to overall
environmental discomfort during the measurement period.
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FIGURE 12

Map-based representation of zones with identified microclimate- and user comfort-related issues across the five analyzed streets. The figure
highlights the most critical areas where uncomfortable or extremely uncomfortable conditions are present for 50% or more of the time. Among all
identified zones, Street 1 stands out as the most exposed, particularly Zone I, which combines extreme heat and high noise levels. In this zone,
uncomfortable temperature conditions occur 68% of the time, extremely uncomfortable temperatures 24%, while noise levels are uncomfortable
89% and extremely uncomfortable 81% of the time—making it the most critical location for intervention within the dataset.

distinct zones were identified within this street. Each of these
zones consistently experiences dual issues of high temperatures and
elevated noise levels, making interventions necessary to enhance
overall comfort. Zone I. has the highest frequency of uncomfortable
and extremely uncomfortable conditions. Temperatures are
uncomfortable 68% of the time. Additionally, Zone I. experiences

extremely uncomfortable temperatures, rising 24% of the time.
Noise levels are uncomfortable 89% of the time and extremely
uncomfortable 81% of the time. Zone II. faces uncomfortable
temperatures conditions 68% of the time and uncomfortable
noise conditions 89% of the time. Zone III. faces uncomfortable
temperatures 68% of the time and uncomfortable noise levels
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TABLE 4 The symbol (!!) indicates that two issues (temperature and noise) are present in almost all zones, while the symbol (!) indicates that only one

issue (noise) is present in zone XIV.

Pilot
street

Zone Identified
noise issues

Identified
temperature
issues

Identified air
quality issues

Identified
humidity
issues

Final comfort rating in
terms of the
simultaneous presence
of env. issues

Street 1 Zone I. • • !!

Zone II. • • !!

Zone III. • • !!

Street 2 Zone IV. • • !!

Street 3 Zone V. • • !!

Zone VI. • • !!

Zone VII. • • !!

Zone VIII. • • !!

Street 4 Zone X. • • !!

Zone XI. • • !!

Street 5 Zone XII. • • !!

Zone XIII. • • !!

Zone XIV. • !

Zone XV. • • !!

The color shade provides additional information about the intensity of discomfort, with the most intense shade indicating conditions are most often uncomfortable in zone I, while white

indicates the lowest intensity of uncomfortable conditions in zone XI.

89% of the time. Additionally, Zone III. experiences extremely
uncomfortable noise levels 68% of the time.

Street 2 is situated in a low-density urban pattern. Within
this street, one zone (Zone IV.) with two microclimate and
user-comfort related issues have been identified (see Figure 12).
Temperature parameter was observed 16 % of the time facing
extremely uncomfortable and 57% of the time uncomfortable
conditions. The second issue is related to noise parameters.
Compared to the noise in Street 1, uncomfortable conditions here
are less frequently present, occurring 81% of the time. Since Street
2 is characterized by low-density urban pattern with areas of
individual housing, the area is generally quieter, and uncomfortable
conditions only result from local traffic sequences.

Street 3 is characterized by open space and is surrounded by
natural terrain and high vegetation. Even though it is situated
within highly vegetated green spaces, the path is roughly parallel
with a road, heavily congested during morning and afternoon
intervals. In that sense the predominant user comfort-related issue
identified here is related to high noise. This street is composed of
three zones with occurring issues. Zone V., which is in the nearest
proximity with road (0–30m of distance) has the highest level of
uncomfortable and extremely uncomfortable conditions, facing 62
% of the time extremely uncomfortable conditions, and 100% of the
time uncomfortable conditions. Within zones VI., VII., and VIII.
noise levels vary, facing uncomfortable conditions of 84%−100% of
the time. The secondmicroclimate issue refers to high temperatures
which, while significant due to the generally high temperatures
in August in Ljubljana, are comparatively lower than on other 4
streets. All 4 zones (V., VI, VII., VIII) are characterized by frequent
uncomfortable temperature conditions facing 70% of the time.

Street 4 is characterized by densely built-up urban patterns and
is further impacted by a heavy traffic road adjacent to pedestrian
and cycling paths, significantly affecting human comfort. Street 4
has two zones. Across the entire street, high temperatures result
in uncomfortable conditions 81% of the time. The noise parameter
consistently exhibits a high frequency of uncomfortable conditions.
In Zone X. conditions are uncomfortable 86% of the time, and
due to the presence of a crossroad, extremely uncomfortable
conditions are observed 84% of the time. Additionally, Zone XI.
faces uncomfortable conditions 84% of the time.

Street 5 is situated within a densely built-up historic urban
pattern, where two microclimate and user-comfort issues were
identified. High temperatures were noted almost through entire
street (Zone XII., XIII., XV.), facing uncomfortable conditions
68 % of the time. An exception is Zone XIV., located in a
narrow building corridor, where the issue was not found, since
the frequency of uncomfortable conditions did not exceed 50%.
Continuing with noise parameters, where noise levels in zones with
a traffic regime (Zone XII.) faced uncomfortable conditions 95%
of the time. In traffic-free zones (Zones XIII., XIV., XV), affected
only by other urban sounds such as music from bars and pedestrian
conversations, a lower percentage of uncomfortable conditions was
noted, occurring 78% of the time.

By identifying microclimate- and user comfort-related issues
in the case study, we demonstrated how detailed data gathered
through an ICT and GIS-based protocol for street assessment can
significantly assist urban planners in recognizing and prioritizing
areas for improvement. This foundational step is crucial for
directions toward spatial solutions that will enhance comfort levels
and improve the quality of life in urban areas.

Frontiers in SustainableCities 19 frontiersin.org

https://doi.org/10.3389/frsc.2025.1542126
https://www.frontiersin.org/journals/sustainable-cities
https://www.frontiersin.org


Ravnikar et al. 10.3389/frsc.2025.1542126

5 Discussion

This research advances urban planning and climate adaptation
science by developing a methodology that harnesses the power
of ICT for detailed microclimate- and user comfort-related street
assessment. It sets a new benchmark for technological integration
into urban planning and climate science, offering a practical
example that cities can readily implement. This study underscores
the potential of ICT not only as a data collection tool but as a
crucial element of strategic urban environmental planning and
microclimate and user-comfort issue identification. By providing
a robust methodology for identifying temperature, noise, humidity,
and air quality issues, this research makes a significant contribution
toward creating more resilient and comfortable urban spaces in
response to ongoing climate-related challenges. This robustness is
also reflected in the approach to representation and information
handling, which is specifically designed to be accessible and
practical for municipal planners and decision-makers. Importantly,
the results of this study reveal that urban conditions can vary
substantially from one street to another, even within the relatively
small city of Ljubljana. This highlights the essential role of
spatially distributed data collection tools and methodologies,
as fixed monitoring stations—typically located at only a few
points in the city—cannot adequately capture the fine-grained
and highly localized variations that exist across heterogeneous
urban environments.

5.1 Integrating comfort zones analysis into
urban planning

The novelty of this research for urban planning lies in its
systematic approach to analyze and map uncomfortable zones
for parameters of temperature, noise, air quality and humidity
with high accuracy at street level in urban environments.
Single-parameter analyses offer urban planners and researchers a
method to examine patterns of environmental conditions, creating
specific inventories of comfortable, uncomfortable, and extremely
uncomfortable zones. Additionally, integrating all comfort-related
parameters into a comprehensive analysis enables the simultaneous
examination of overall comfort, providing a framework for
prioritizing critical locations to improve comfort.

This study successfully validated the hypothesis that detailed
microclimate and user-comfort data, gathered through ICT and
GIS-based protocols, can significantly assist urban planners
in better recognizing and interpreting microclimate and user-
comfort issues in urban environments, also with the typology
of visualizations that can support the way of interpretation and
communication among the issues as well as the robustness of
the approach as such. The analysis provided real-time, granular
data that revealed precise variations in environmental conditions
across different urban zones. In this case study, urban planners can
precisely identify environmental conditions at a resolution of 10m,
allowing them to accurately allocate areas requiring targeted spatial
interventions. By integrating multiple parameters simultaneously
this study demonstrates how these parameters interact within
different urban tissue types, presenting a novel and previously

underexplored approach in urban planning (Ravnikar et al., 2023).
The ability to allocate specific discomfort zones and understand
how urban elements and urban morphologies influence these
conditions confirmed that this methodology equips urban planners
with actionable insights. This detailed level of analysis supports
the hypothesis by showing how the data-driven approach enhances
the identification and interpretation of microclimate- and comfort-
related issues in versatile environmental site-specific context.

Furthermore, the potential of this approach extends beyond
merely identifying issues; it also lies in uncovering correlations
between environmental conditions and spatial elements, such as
urban patterns. By analyzing the data collected, we can discern
how different urban structures influence environmental conditions.
For instance, as expected the temperature conditions were found
to be most comfortable in streets where trees or high building
offer shade through most of the day. Air quality conditions were
most comfortable within a city forest, where 100% of the measured
conditions were comfortable. These conditions correlate with the
open space urban pattern, featuring natural terrain and high, dense
vegetation. Noise levels were found to be least uncomfortable in
a quieter private housing neighborhood, where traffic volume is
low, although dynamic noise variations were present within small
areas. Finally, the humidity parameter was consistently comfortable
100% of the time across all streets. Ljubljana’s location in a basin
surrounded bymountains influences its microclimate, contributing
to stable humidity levels. Seasonal variations, particularly in spring
and autumn, bring moderate precipitation, which affects relative
humidity. The city’s abundant vegetation and urban greenery
also help regulate humidity by retaining moisture and providing
natural cooling.

By showing the way urban planners and researchers can
more effectively identify comfort issues in urban environments.
This approach equips them with valuable insights into how
various spatial elements interact within different urban patterns,
empowering them to design interventions that enhance comfort
through informed urban planning strategies and incorporate
often neglected climate consideration in urban planning. As well
the potential is seen in continuous monitoring of conditions
which allows for informed adjustments to optimize intervention
performance, ensuring they remain effective in mitigating urban
environmental challenges. The dynamic data provided by real-
time monitoring through ICT tools enables responsive decision-
making, adapting to changing environmental conditions—a
critical capability in urban areas where fluctuations are constant.
This adaptability supports timely adjustments in public space
usage, traffic management, and infrastructure development. By
integrating detailed microclimate- and comfort-related data
into city planning processes, this approach not only addresses
immediate environmental and human comfort issues but also
supports sustainable urban development, ensuring cities are
prepared for future environmental and societal shifts.

5.2 Limitations and further issues

One key limitation of this study is the method used to form
the zones, which were created using hand-drawn polygons in
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GIS software. While this approach allows for a clear visualization
of comfort zones, it lacks precision and advanced GIS-based
aggregation techniques that could offer more detailed and
automated analyses. The current method is relatively simple and
yet the process is accessible to decision-makers who may not
be highly skilled in GIS as an analytic tool. Future work could
focus on incorporating more advanced GIS methodologies to
aggregate and analyze zones with greater precision, enhancing the
overall reliability and applicability of the findings in more complex
urban settings.

Another limitation concerns the range of parameters used
for assessing urban comfort. This study employed a basic set
of parameters—air temperature, relative humidity, noise level,
and air quality (PM 2.5). While these represent fundamental
environmental factors relevant to urban comfort, other parameters,
such as solar radiation, wind velocity, and subjective aspects like
human perception, could provide a more comprehensive view
of comfort conditions. Despite this limitation, the parameters
used are considered sufficient for analyzing microclimate and
user-comfort conditions in Ljubljana, and they demonstrate the
potential of this approach for interpreting comfort levels in
urban planning. Although this study addressed the simultaneous
effects of multiple discomfort parameters through a combined
criticality assessment, a more in-depth analysis of the interrelations
between parameters would further enhance the understanding of
environmental comfort. Such an extension would likely require
a dedicated study capable of capturing the complexity of these
interactions and their cumulative impact on human wellbeing.

Additionally, the data collection period was limited to 23 days
in August, which, while useful for capturing summer conditions,
does not reflect the year-round variability of environmental factors.
Although this provides enough data to demonstrate the type and
approach toward the analysis, and its potential to inform urban
planning and design, a more extended period of data collection
across different months would allow for a deeper understanding
of how spatial elements interact with environmental conditions.
More days of data collection would also enhance the accuracy of
identifying environmental issues and contribute to more robust
and informed planning solutions. For example, extending the
monitoring period would enable the identification of critical
locations even during times when vegetation is not in leaf, thereby
improving the understanding of seasonal variations and their
impact on urban comfort and environmental quality.

Building on the potential demonstrated by this approach, future
work could explore innovative ways to enhance data collection
and analysis. One promising direction is the integration of the
device into a shared bike system, allowing data to be gathered while
cycling. This concept, combined with the existing infrastructure
of Ljubljana’s city bike rental system—with around 80 docking
stations located within 500m of each other, presents an excellent
opportunity for continuous, automatic real-time data gathering. By
embedding ICT tools into the bike-sharing system, the city could
transform it into a mobile environmental monitoring network,
significantly expanding data coverage and increasing the frequency
and granularity of the data captured. This system would provide
a richer, more comprehensive understanding of microclimatic and
comfort-related conditions in real time, while enabling continuous
and automatic data flow across the city. Such an approach
would offer up-to-date insights into the urban environment,

supporting timely interventions and rapid responses to changing
environmental conditions.

6 Conclusions

This research marks advancement in urban planning and
climate science through the implementation and validation of a
novel approach for assessing microclimate- and user comfort-
related conditions, leveraging the data gathering process based
on protocol for microclimate and user-comfort street assessment
of ICT (Ravnikar et al., 2023). The case study presented
here offers a novel approach of systematically analyzing and
mapping comfort zones for temperature, noise, air quality,
and humidity with a high data precision at the street level.
Through zoning process, detailed patterns of environmental
conditions are identified, enabling researchers, urban planners
the creation of inventories categorizing locations as comfortable,
uncomfortable, or extremely uncomfortable. The integration of
multiple comfort-related parameters into a single comprehensive
analysis further enhances this methodology, allowing for the
simultaneous assessment of parameters and allocating the locations
where discomfort is most often occurring. In that sense, the
value of this study lies in its capacity to provide urban planners
and city managers with actionable insights, empowering them to
address urban environmental issues more effectively. Moreover, the
methodology highlights the potential for a better understanding
of the correlations between environmental conditions and spatial
characteristics, considering different spatial patterns and comfort
related temporal variability. The application of this methodology
underscores its utility in not just allocating specific urban
environmental issues but also in real-time data gathering within
the smart cities’ framework. This continuous data collection is
invaluable for monitoring the effectiveness of existing spatial
solutions and assessing environmental quality. Furthermore, the
dynamic nature of this approach allows for timely responses
to fluctuating microclimate conditions, ensuring that urban
environments remain adaptable and resilient in the face of
environmental changes. This adaptability greatly enhances urban
climate mitigation and adaptation strategies. As cities worldwide
navigate the complexities of climate change, the methodologies and
insights offered by this study are invaluable, promising to guide
urban development toward sustainability, resilience, and enhanced
quality of life.
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