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Abstract

This thesis investigates the Urban Heat Island (UHI) effect in Turin, Italy, through an integrative
approach that combines geospatial analysis, remote sensing, and 3D modeling to identify UHI-
prone areas and propose mitigation strategies. The research employs advanced remote sensing
techniques using Google Earth Engine to collect and analyze satellite imagery and temperature
data, identifying regions susceptible to higher temperatures due to dense infrastructure and limited
vegetation. Detailed 3D modeling using the Dragonfly plugin in Rhino software enables a
comprehensive simulation of UHI dynamics under various climate scenarios. Future weather data
projections, generated using the CCWorldWeatherGen tool, provide insights into the potential

intensification of UHI effects by 2050 and 2080.

The study's case analysis of Turin reveals a potential increase in UHI intensity by up to 4.4°C in
summer and 2.4°C in winter under a high-emission scenario. Mitigation strategies such as
increasing vegetation coverage and utilizing high-albedo materials are simulated, demonstrating
the ability to reduce peak surface temperatures by up to 3°C and improve thermal comfort by
approximately 20%. The research framework includes a systematic comparison of multiple
mitigation scenarios based on key performance indicators (KPIs) like the Universal Thermal
Climate Index (UTCI), UHI intensity, Heating Degree Days (HDD), and Cooling Degree Days

(CDD), offering actionable insights for urban planners and policymakers.

Overall, the findings of this study provide actionable insights for urban planners and policymakers,
emphasizing the need for adaptive urban planning to mitigate UHI effects and enhance the

resilience and sustainability of urban environments in the face of climate change. The study’s



outcomes contribute valuable knowledge for developing effective strategies to address UHI

challenges in urban settings worldwide.
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Nomenclature

Symbol

Acronyms
UHI

GIS

LST

UTCI
EPW

GEE

RH

TIR

CPR

GCM
CC-WorldWeatherGen
HVAC

Key Elements in Equations
T
RH

Q

< X

I m o >

Description

Urban Heat Island

Geographic Information System
Land Surface Temperature
Universal Thermal Climate Index
EnergyPlus Weather

Google Earth Engine

Relative Humidity

Thermal Infrared

Climate Prediction and Research
General Circulation Model
Climate Change World Weather Generator

Heating, Ventilation, and Air Conditioning

Temperature (°C)

Relative Humidity (%)

Heat quantity (J)

Coefficient of heat transfer (W/mz2:K)
Volume (m3)

Temperature difference (°C)

Area (m?)

Heat capacity (J/kg-K)

Emissivity

Heat flux (W/m2)
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Solar irradiance (W/m?)
Latent heat flux (W/m2)
Reflection coefficient
Sensible heat flux (W/m?)
Wind speed (m/s)
Elevation (m)

Specific humidity (g/kg)
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1 Introduction and research framework

1.1 Introduction

In recent years, the impacts of climate change have become increasingly undeniable, manifesting
through more frequent and severe extreme weather events, rising global temperatures, and shifts
in precipitation patterns (Masson et al., 2020). Among the many consequences of climate change,
the Urban Heat Islands (UHIs) effect stands out as a major challenge for cities worldwide (Phelan
et al., 2015a). UHIs are localized zones where temperatures are significantly higher than in
surrounding rural areas, primarily due to human activities, dense urban infrastructure, and the

exacerbating effects of climate change (Leal Filho et al., 2017).

The expansion of UHIs in rapidly developing cities has far-reaching negative consequences,
including increased temperatures, higher energy demands, worsened air pollution, and serious

public health risks (Li 2010, Santamouris 2019, Grdeni¢ 2018, Vujovi¢ 2021). This phenomenon

is driven by a combination of factors: urban materials like concrete and asphalt that absorb and
retain heat, reduced vegetative cover, and the generation of anthropogenic heat from vehicles and
buildings (Deilami et al., 2018). As a result, mitigating UHI effects is not just a matter of enhancing
comfort but an essential step toward creating sustainable, livable cities for the future (Z.-L. Li et

al., 2020).

In this context, remote sensing emerges as a pivotal tool, offering a vantage point for monitoring
and analyzing UHI phenomena. The utilization of remote sensing technologies enables the
detection of temperature anomalies and facilitates the assessment of land cover characteristics that

contribute to UHI effects.
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Looking ahead, Climate change scenarios, derived from Climate Prediction and Research (CPR)
models, play a pivotal role in projecting future climate conditions under various greenhouse gas
emission trajectories. These scenarios offer plausible representations of future climatic variables
such as temperature, precipitation, and humidity, essential for understanding the evolution of
UHIs. Particularly the A2 and B1 SRES's future scenarios, have been shown to influence UHI
formation and intensity, with the A2 scenario leading to a more pessimistic outlook (Morais et al.,
2020). Such insights enable the development of targeted mitigation strategies tailored to different
future climate scenarios, thereby enhancing the resilience of urban environments to the challenges

posed by UHIs in a changing climate.

Turin, Italy, renowned for its historical significance and vibrant urban landscape, is no exception
to the impact of UHIs. Like many other cities globally, Turin faces the detrimental effects of UHI,
including increased energy consumption, elevated air pollution levels, and compromised public
health. The absence of comprehensive strategies to address UHIs exacerbates these issues, posing

risks to both the environment and residents (Garzena et al., 2019a).

This study seeks to address these challenges by examining the factors driving UHI formation in
Turin and proposing effective mitigation strategies. By understanding the interactions between
UHIs and climate change, policymakers can develop targeted interventions to mitigate their
adverse effects. Additionally, the integration of remote sensing technologies enables precise
identification of vulnerable areas, facilitating informed decision-making in urban planning and

infrastructure development.

This research aims to contribute to urban sustainability and climate resilience efforts not only in

Turin but also in similar urban settings worldwide. By elucidating the complexities of UHIs and
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providing actionable insights, it strives to foster a more sustainable and resilient urban environment

for current and future generations.

1.2 Research questions

The phenomenon of Urban Heat Islands (UHI) poses a significant challenge in urban
environments, particularly as cities like Turin face increasing impacts from climate change and
urbanization. This research aims to explore various aspects of UHI formation, detection, and
mitigation strategies, focusing on the use of remote sensing technology and advanced modeling

tools. The following key research questions have been formulated to guide the investigation:

1. Which areas in Turin are most susceptible to UHI formation, and what are the key
parameters contributing to this susceptibility? This question explores the spatial
distribution of UHI-prone areas and aims to identify critical factors such as urban
morphology, land cover, and surface materials that make certain regions more vulnerable
to heat accumulation.

2. How can remote sensing technology and land cover analysis be effectively utilized to
identify and characterize UHI-prone regions in Turin? Here, we examine the role of
remote sensing as a pivotal tool in detecting and analyzing UHI dynamics across the urban
landscape, providing insights into temperature variations and land-use patterns.

3. How does Dragonfly software, integrated within the Rhino environment, enhance the
analysis of UHI effects and inform mitigation strategies in urban areas? This question
focuses on the utility of advanced 3D modeling and simulation software in assessing UHI
impacts and evaluating potential intervention strategies within complex urban

environments.
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4. What will be the impact of climate change, specifically under the GCM?! Climate
Change Scenarios, on UHI-prone areas in Turin across different time frames?
Considering future climate projections, this question addresses how UHI effects may
intensify or shift over time, providing a framework for long-term urban resilience planning.

5. Which mitigation strategies are most effective in reducing UHI effects in Turin under
current and future climate conditions, and what practical insights can this research
provide to urban planners and policymakers? This final question synthesizes the
findings and evaluates practical solutions to reduce UHI intensity, offering actionable

recommendations for sustainable urban planning.

These research questions form the foundation for a comprehensive analysis of UHI formation,
detection, and mitigation in Turin. Section 7.2 will revisit these questions, offering detailed
answers based on the research findings. By integrating the results from various stages of analysis,
Section 7.2 will provide a conclusive assessment of the strategies and technologies that are most
effective in addressing UHI challenges. This section serves as a critical point of reflection, where
the theoretical inquiries raised here are systematically addressed using empirical data and

modeling outcomes.

1.3 Research objectives and structure

This research is driven by the need to understand and mitigate the impacts of UHI in Turin, Italy.

To achieve this, the study integrates various analytical tools and methods, combining remote

LIt uses Intergovernmental Panel on Climate Change (IPCC) Third Assessment Report model summary data of
the HadCM3 A2 experiment ensemble
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sensing technologies, advanced modeling, and climate change projections. The following
objectives outline the key goals of this research, which collectively aim to provide a detailed

assessment of UHI dynamics and propose actionable solutions.

First, this study seeks to identify UHI-prone areas in Turin using remote sensing techniques. By
leveraging satellite data and land cover analysis, it will be possible to map regions that are
particularly susceptible to the formation of UHIs, thus establishing a foundation for further

investigation.

Building upon this, the next objective is to analyze the parameters contributing to UHI
formation in these identified regions. Using the Dragonfly plugin within Rhino software, the
research will model critical factors such as urban morphology, surface materials, and heat transfer
mechanisms, providing a comprehensive understanding of how and why UHIs emerge in specific

areas.

Another important aim is to assess the impact of climate change on UHI-prone regions. By
employing General Circulation Models (GCM) Climate Change Scenarios, the study will project
how UHI effects are likely to evolve under different future conditions, focusing on three distinct
time periods. This will enable the development of long-term strategies to combat the growing

intensity of UHIs due to climate change.

To address the ongoing challenge, this research will also propose mitigation strategies. These
solutions will encompass both qualitative and quantitative approaches, focusing on urban planning
interventions, building modifications, and the enhancement of green spaces. The goal is to identify
ways to reduce heat accumulation, improve thermal comfort, and increase the overall resilience of

Turin's urban environment.
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Finally, the research aims to provide valuable insights for urban planners and policymakers.
By offering evidence-based recommendations, the study will inform decision-making processes
related to UHI mitigation, ensuring that the solutions proposed are both practical and effective in

enhancing urban sustainability and resilience.

Although the focus of this study is Turin, the findings and methodologies developed here can be
applied to other urban settings facing similar UHI challenges. However, the research also
acknowledges certain limitations, including data availability, technological constraints, and the
inherent complexity of urban systems. Despite these challenges, the study endeavors to offer a
robust analysis of UHI dynamics and mitigation strategies, contributing to both local and global

efforts in climate resilience.

Regarding Thesis Organization Table 1 presents an organized overview of chapters, outlining

important elements and subject areas.

Table 1: Thesis organization

Chapter Content

) Background, problem statement, research objectives and questions and significance of the
Chapter 1: Introduction .
study.

Chapter 2: Literature | Review of existing literature on UHIs dynamics, factors contributing to UHIs formation,

Review remote sensing techniques, mitigation strategies, and climate change interactions.
Chapter 3: | Research design, data collection (remote sensing, modeling, projections), climate change
Methodology scenarios, tools (Dragonfly, Rhino, CCWorldWeatherGen), limitations, and challenges.

Chapter 4: Case Study | Detailed analysis of Turin, geographic and climatic characteristics, future climate trends,
(Turin) UHI dynamics, and a spatial analysis of UHI-prone areas.

Presentation of UHI analysis results, current and future UHI projections, comparative
Chapter 5: Results and ) o ) o
bi ) evaluation of UHI mitigation strategies based on key performance indicators (UTCI, HDD,

iscussion
CDD), and recommendations.
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] Development of various mitigation scenarios (vegetation, high-albedo materials, mixed
Chapter 6: Assessing ] ) ] . ]
strategies), analysis, and effectiveness comparison for the present and future periods (2050

Mitigation Strategies
and 2080).

. Summary of key findings, addressing research questions, policy implications for UHI
Chapter 7: Conclusion o ] .
mitigation, suggestions for future research, and final remarks.

Also, worth mentioning that as shown in Figure 1, at first, this research methodology primarily
utilizes remote sensing to detect high-temperature areas. Subsequently, it analyzes a selected area
to identify UHIs. Following this, future scenarios, particularly the worst-case scenario for the year
2050 and 2080, will be examined. Finally, several scenarios aimed at mitigating the effects of

climate change will be proposed and analyzed again to arrive at a final decision.

Utilize remote sensing for mapping UHI-prone areas

v

Analyze parameters using Dragonfly

A

Project climate change impact

v

Propose mitigation strategies

Figure 1: Research overall framework
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2 Literature review

This chapter explores the UHIs effect and its growing significance due to urbanization and climate
change. It begins by defining UHIs and explaining their importance in the context of urban
environments. The literature review distinguishes between surface UHIs, related to heat absorbed
by urban materials, and atmospheric UHIs, which involve elevated air temperatures due to human

activities and city infrastructure.

The chapter further examines the factors contributing to UHI formation, including urban
materials, reduced vegetation, and city layout. It also highlights the use of remote sensing

technologies for detecting UHI-prone areas, which is crucial for planning mitigation strategies.

The connection between climate change and UHI dynamics is discussed, emphasizing how
climate change intensifies UHI effects, particularly in Italian cities like Turin. Finally, the review
evaluates mitigation strategies such as green infrastructure, building designs, and urban planning

interventions, with insights drawn from global case studies of cities addressing UHIs.

2.1 Introduction to Urban Heat Islands (UHI)

2.1.1 Definition and types of UHIs

UHIs refer to the phenomenon where urban areas experience higher temperatures compared to
their surrounding rural regions due to human activities, urban infrastructure, and climate change
(Garzena et al., 2019a). The definition of UHIs has evolved, encompassing not only temperature
differentials but also variations in air quality, energy consumption, and ecosystem health within

urban environments (Mirzaei & Haghighat, 2010).
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Historical context reveals that UHIs research gained momentum in the late 20th and early 21st
centuries as urbanization accelerated and its impacts on climate and environment became more
pronounced (Ulpiani, 2021). Studies by SARRAT et al. (2006) laid the groundwork for
understanding UHIs dynamics, emphasizing the role of surface materials, urban morphology, and
land use patterns in exacerbating heat accumulation in cities' Today, UHIs are recognized as a
global environmental challenge, with cities across the world facing the consequences of elevated
temperatures and associated impacts on human health, energy consumption, and urban ecosystems

(Masson et al., 2020).

There are two main types of UHIs:

Surface Urban Heat Island: Surface UHI occurs when urban surfaces such as roads, buildings,
and pavements absorb and retain heat during the day and release it slowly at night, leading to
elevated surface temperatures within the city compared to nearby rural areas. The materials used
in urban infrastructure, such as concrete and asphalt, have higher heat-absorbing capacities than
natural surfaces like vegetation and soil, exacerbating the heat island effect (Mohajerani et al.,
2017). Remote sensing, particularly using data from satellites like Landsat, is commonly employed

to detect this type of UHIs (Kwofie et al., 2022).

Atmospheric Urban Heat Island: Atmospheric UHI refers to the elevated air temperatures
experienced within urban areas due to various factors such as emissions from vehicles and
industrial activities, reduced vegetation cover, and the presence of tall buildings that obstruct
airflow. These factors can lead to the formation of urban heat domes, where warm air becomes

trapped within the city, further raising atmospheric temperatures (Deilami et al., 2018).

20



Surface temperatures vary more than air temperatures during the day but are more pronounced
after sunset due to the slow release of heat from impervious surfaces. This phenomenon contributes
to the persistence of the surface UHIs effect, as urban surfaces continue to emit stored heat into
the surrounding environment during the night, maintaining elevated temperatures compared to
rural areas (Phelan et al., 2015a) (Phelan et al., 2015b). Recognizing this, the research also focused

on analyzing UHI effects during nighttime to capture the full extent of urban heat retention.

2.1.2 Factors contributing to UHIs formation

UHIs form due to various influences, including urbanization and changes in land use, the
arrangement of built structures, weather patterns, and atmospheric conditions. These factors,
collectively, contribute to the increased temperature and heat intensity experienced in urban areas

(RIZWAN et al., 2008).

Urbanization and Land Use Changes: The expansion of urban areas alters the landscape,
replacing natural vegetation with impermeable surfaces like concrete and asphalt. This
transformation reduces vegetation cover, which plays a crucial role in regulating temperatures by

providing shade and evaporative cooling (Phelan et al., 2015a).

The design and layout of buildings, roads, and other urban infrastructure affect the exchange of
heat within cities. Urban structures can trap heat, restrict airflow, and create localized warm
pockets, contributing to the intensification of UHIs effects (Andoni & Wonorahardjo, 2018). This
has implications for building energy consumption, particularly during heatwaves (Heaviside et al.,
2017). Additionally, the role of haze pollution in enhancing the UHI in China has been highlighted,

with potential co-benefits of reducing heat stress through haze mitigation (Cao et al., 2016).
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Weather Conditions and Atmospheric Factors: Meteorological elements such as clear skies,
low wind speeds, and high humidity exacerbate UHIs effects by enhancing the absorption of solar
radiation and impeding the dispersion of heat. These conditions create favorable environments for
the amplification of temperature differentials between urban and rural areas (Sangiorgio et al.,

2020).

Heat Waves: Periods of prolonged heatwaves and extreme heat events further magnify UHIs
effects, exacerbating temperature disparities between urban and rural regions. Such events pose
significant health risks to urban populations, particularly vulnerable groups, by increasing the

likelihood of heat-related illnesses and heat-related mortality (Ulpiani, 2021).

The combination of these factors intensifies the heat retained in urban environments, making cities
much warmer than their rural surroundings. Recognizing how these elements interact is key to

crafting solutions that can help cool cities and improve the well-being of their residents. The

Summary of factors contributing to UHI formation is provided in Table 2.

Table 2: Summary of factors contributing to UHI formation

Factor Description Implications Potential Solutions
. . . Use of cool materials, high-
Impervious surfaces like Leads to increased surface
Urban . : albedo surfaces, and green
- concrete and asphalt absorb temperatures, especially in .
Materials infrastructure (e.g., green

Anthropogenic

and retain heat.

Heat generated from human
activities such as

dense urban areas.

Adds to overall urban heat,
increasing energy demand and

roofs).
Promote energy-efficient
systems, reduce traffic

Heat transportation, industrial Worsening air aualit congestion, and encourage
processes, and HVAC systems. garq Y: public transport.
. Loss of natural cooling
Less greenery results in lower - - Increase green spaces, urban
Reduced 2 . mechanisms increases ) .
: evapotranspiration, leading to . tree planting, and vertical
Vegetation . discomfort and energy
higher surface temperatures. - = gardens.
consumption for cooling.
Urban design can trap heat duced airflow i h Incorporate natural ventilation
. (heat islands) and restrict Reduced airflow increases heat in urban planning, design for
City Layout stress and reduces outdoor ’

airflow, exacerbating heat
retention.

comfort.

22
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2.1.3 UHIs effects on urban environments

Exploring the multifaceted impacts of UHIs, this section delves into their profound implications
across health, environment, economics, and society. From exacerbating heat-related illnesses to
reshaping ecosystems and straining social cohesion, UHIs pose complex challenges demanding

comprehensive solutions.

Health Impacts of UHIs: Elevated temperatures in urban areas can exacerbate heat-related
illnesses such as heat exhaustion, heatstroke, and respiratory problems. Vulnerable populations,
including the elderly, children, and individuals with pre-existing health conditions, are particularly
susceptible to these adverse health effects. In Shanghai, the UHI effect has led to more hot days
and heat waves, contributing to increased heat-related mortality (Tan et al., 2010). Therefore, it is
crucial to implement heat-mitigation and adaptation strategies in urban planning to protect public

health and improve overall well-being in cities (Dong et al., 2020).

Environmental Consequences: UHIs contribute to changes in local ecosystems, leading to
alterations in biodiversity, vegetation patterns, and wildlife habitats. Additionally, higher
temperatures can exacerbate air and water pollution levels, further degrading environmental

quality and impacting ecosystem health (Phelan et al., 2015).

One consequence is the alteration of biodiversity, vegetation patterns, and wildlife habitats within
urban areas. Higher temperatures associated with UHIs can disrupt the natural balance of
ecosystems, leading to shifts in the types and distribution of plant and animal species. This can
result in changes to the composition and diversity of local flora and fauna, potentially leading to

the displacement or decline of certain species (Maggiotto et al., 2021; Ulpiani, 2021).
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Moreover, UHIs can exacerbate air and water pollution levels, further compromising
environmental quality and ecosystem health. Elevated temperatures can enhance the formation of
ground-level ozone and other air pollutants, which can have detrimental effects on human health
and ecological systems (Di Sabatino et al., 2020; Noro & Lazzarin, 2015a). Additionally, increased
temperatures can accelerate chemical reactions that contribute to the production of pollutants such
as smog and particulate matter. In water bodies, higher temperatures can reduce oxygen levels and
promote the growth of harmful algae blooms, impacting aquatic ecosystems and biodiversity (Leal

Filho et al., 2017).

Economic Implications: UHIs generate several economic burdens, including heightened energy
consumption for cooling, which escalates bills and operating expenses for households and
businesses (RIZWAN et al., 2008b).. Additionally, extreme heat events decrease labor
productivity due to worker discomfort and health issues, thereby reducing efficiency and output
(Guattari et al., 2018).. The rise in heat-related illnesses as a result of UHIs imposes additional
costs on healthcare systems and individuals for treatment and management (Leal Filho et al.,
2017). Moreover, UHI-affected areas experience decreased property values due to discomfort and
health risks, leading to diminished demand and declining real estate values (Battista et al., 2020).
Finally, UHIs inflict damage on infrastructure like roads and buildings, incurring increased
maintenance and repair costs due to the expansion and contraction caused by extreme temperatures

(Phelan et al., 2015).

Social and Community Considerations: Social and community considerations related to (UHIs)

encompass several key aspects.

In terms of social life, UHIs can exacerbate social inequalities by disproportionately impacting

vulnerable populations with limited access to cooling resources and healthcare services.
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Marginalized communities, including low-income neighborhoods and elderly individuals, often

bear the brunt of UHIs effects, facing greater risks of heat-related illnesses and discomfort.

Additionally, during extreme heat events, social cohesion and community resilience may be

strained as residents struggle to cope with the challenges posed by high temperatures (Battista et

al., 2020).

Moreover, UHIs can influence social interactions and community engagement, particularly during

periods of prolonged heatwaves. The discomfort and health risks associated with UHIs may deter

outdoor activities and gatherings, limiting opportunities for social connection and recreation. This

can lead to increased social isolation and decreased community engagement, impacting overall

well-being and cohesion within urban neighborhoods (Pioppi et al., 2020).

Category

Health

Environmental

Economic

Social
Community

and

Table 3: Summary of UHI Effects on Urban Environments

Impacts

Increased risk of heat-related
ilinesses (heatstroke, respiratory
issues), especially for vulnerable
populations.

Altered ecosystems, reduced
biodiversity, increased pollution
(air and water).

Increased energy consumption
for cooling, higher healthcare
costs, reduced property values in
UHI-affected areas.

Exacerbates inequalities,
decreases outdoor social
interaction, and leads to greater
isolation during heat events.

Implications

Higher mortality rates during
heat waves, increased hospital
admissions, and reduced quality
of life.

Damage to urban ecosystems,
rise in ground-level ozone, and
loss of flora and fauna.

Strain on energy grids, economic
losses for businesses, and a rise
in operational costs for cities.

Marginalized communities face
higher heat risks due to lack of
resources (e.g., air conditioning).
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Potential Solutions

Implement  cooling
improve urban shading,
increase green infrastructure.

centers,
and

Expand green infrastructure,
improve water management
systems, and reduce emissions.

Enhance building energy
efficiency, use of cool roofing,
and tax incentives for green
designs.

Improve community outreach,
invest in cooling resources for
vulnerable populations.



2.1.4 Advancements in UHIs detection methods

The evolution of UHIs detection techniques has seen significant advancements in recent years

1.

Infrared Thermography: Measures surface temperatures using infrared cameras, which
can detect heat emissions from urban surfaces. Software packages such as FLIR Tools and
Testo IRSoft are used for infrared image analysis (Martin et al., 2022). Infrared
thermography has been widely used in UHIs studies, with Chui et al. (2018) demonstrating
its effectiveness in measuring near-surface temperatures. Meola et al. (2016) further
highlights its diverse applications, including in thermo-fluid-dynamics, materials
inspection, cultural heritage, and preventative maintenance. The technology has also been
applied in astronomy and space exploration, as seen in Okada et al. (2020) work on thermal
infrared cameras. Nardi further enhances UHIs detection by discussing the use of infrared
thermography for evaluating energy leakages through building envelopes, which is crucial
for UHIs mitigation measures (Nardi et al., 2018).

Time-Series Analysis: Examines temporal trends in air temperature data collected over
multiple time intervals to identify changes in UHIs characteristics. Software like
MATLAB, R, and Python with libraries such as Pandas and NumPy are commonly used
for time-series analysis (Zhang et al., 2018). Time-Series Analysis and Change Detection
involve the systematic examination of temporal trends and patterns in temperature data to
discern changes in UHIs characteristics over time. This is done by analyzing sequential
thermal imagery captured at different time intervals, through which researchers can track
UHIs dynamics, assess seasonal variations, and identify long-term trends in UHIs intensity
as well as spatial extent (Zhou et al., 2018). A range of studies have explored the use of

time-series analysis and change detection in tracking UHIs dynamics. Wong found that
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UHIs intensity varies throughout the day and is influenced by factors such as solar radiation
and greenery density (Paulina et al., 2015) Ghaderpour provided a comprehensive review
of time-series analysis and change detection techniques, highlighting their application in
various fields (Ghaderpour et al., 2021). Chatfield discussed practical developments in
time-series analysis, including the treatment of trend and seasonality, which are relevant to
the study of UHIs characteristics over time (Chatfield, 1977).

. 3D Mapping: Visualizes the morphology and spatial distribution of UHIs in three-
dimensional space, providing insights into their vertical structure. Software packages such
as ArcGIS 3D Analyst and Blender are commonly used for 3D mapping of UHIs. Emerging
Trends in UHIs Monitoring include innovative approaches like 3D mapping and
hyperspectral imagery, offering improved spatial and spectral resolution for UHIs
characterization. Three-dimensional mapping techniques visualize UHIs morphology and
spatial distribution in 3D space, providing insights into the vertical structure of UHIs.
Hyperspectral imagery detects subtle spectral signatures associated with UHIs, allowing
more precise discrimination between urban and non-urban land cover types (Sidiqui et al.,
2022). The use of 3D mapping and hyperspectral imagery in UHIs monitoring is a rapidly
evolving field. Falco et al. (2015)and Marinoni et al. (2019) both highlight the potential of
these technologies in accurately classifying land cover and monitoring human settlements
and infrastructure. Roessner et al. (2011) further emphasizes the need for automated
methods to extract information from hyperspectral imagery, particularly in the context of
urban areas with diverse materials and structures. Weber et al. (2018) underscores the
importance of defining the type of information that can be obtained from different sensors,

and the potential of high-resolution hyperspectral imagery in characterizing urban land

27



surface properties. These studies collectively demonstrate the significant advancements in
UHIs monitoring using 3D mapping and hyperspectral imagery.

Machine Learning and Artificial Intelligence: Machine Learning and Artificial
Intelligence for UHIs Identification represent a significant change in detecting UHI,
utilizing computational algorithms and data-driven models to automate the identification
process. Machine learning techniques allow for extracting complex patterns from large-
scale thermal datasets, leading to more precise UHIs mapping and analysis (Bahi et al.,
2020). Software frameworks such as TensorFlow, PyTorch, and scikit-learn are commonly
used for implementing machine learning algorithms (Weng et al., 2004). For
instance, Medaiyese et al. (2022) applied wavelet transform analytics and machine learning
algorithms for RF-based UAV detection and identification demonstrate the potential of
machine learning and artificial intelligence for identification tasks, with applications in
security, cybersecurity, and human behavior recognition. Machine learning and artificial
intelligence algorithms for UHIs identification utilize thermal imagery, land cover data,
geospatial information, meteorological data, and historical records. By analyzing these
diverse datasets, algorithms automate UHI detection, providing precise mapping and
analysis crucial for urban planning and climate resilience efforts (Bahi et al., 2020).
Remote Sensing: Utilizes satellite or aerial imagery to capture thermal data and detect
temperature variations associated with UHIs (which will be explained in more detail in
next section). While all techniques are valuable, remote sensing is particularly
advantageous due to its ability to provide comprehensive and large-scale coverage of urban
areas. It offers a wide range of spectral and spatial resolutions, allowing for detailed

analysis of UHIs dynamics over large geographic regions. Additionally, remote sensing
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data can be readily integrated with geographic information systems (GIS) for spatial
analysis and visualization (Weng, 2009). In Table 4 the summery of detection methods,

quantities detected and whether surface of air temperature can be detected are provided.

Table 4: Summery table of findings in area of advancement in UHI detection methods

Detection Method Quantities Detected Type of UHI Detected
Infrared Surface temperatures, heat loss, thermal
. Surface UHI
Thermography anomalies
Time-Series Analysis Temporal trends in air temperature Both surface and air UHI

Morphology and spatial distribution of
3D Mapping UHIs Both surface and air UHI
Vertical structure of UHIs
Both surface temperature variations

Thermal data, temperature variations (surface UHI) and other types of

Remote Sensing . ) )
Spectral and spatial resolutions temperature-related data, which may

include air temperature (air UHI)

In conclusion, Given the diverse array of techniques discussed for UHIs detection, the utilization
of remote sensing emerges as a potent tool for assessing the impact of climate change and devising
mitigation strategies in urban environments. In the context of this research project on UHIs
mitigation, we aim to leverage remote sensing technologies to analyze temperature patterns, land
cover dynamics, and spatial variations, thereby contributing to effective urban planning and

sustainable development efforts.
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2.2 Remote sensing for UHI detection

2.2.1 Remote sensing and its applications

Remote Sensing for UHIs Detection and Monitoring involves utilizing various principles and
techniques to accurately assess temperature variations and land cover characteristics in urban

areas.

Remote sensing encompasses the gathering and analysis of data from a distance, typically
employing sensors aboard satellites or aircraft, without direct physical contact. This process hinges
on detecting and measuring electromagnetic radiation emitted or reflected by the Earth's surface

to gather information about objects or phenomena (Z.-L. Li et al., 2020).

These remote sensing instruments capture electromagnetic radiation across different wavelengths,
spanning from visible light to thermal infrared. Each wavelength offers unique insights into the
target area, enabling the identification of specific features or characteristics (Yaoyu Lin et al.,

2009a).

As electromagnetic energy interacts with the Earth's surface, it undergoes various processes such
as absorption, reflection, and emission. Different surface materials exhibit distinct spectral
signatures, allowing remote sensors to distinguish between various land cover types (Voogt &

Oke, 2003).

This technology has numerous applications across various fields, Mertikas et al. (2021) highlights
its role in environmental monitoring, including weather forecasting and pollution detection. Q.
Zhou (2023) further discusses its use in monitoring vegetation, soil, water resources, and

geology. EBERT (1984) and Saibi et al. (2018) both emphasize its significance in archaeology and
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geoscience, respectively, for mapping, exploration, and hazard analysis. Li introduces a new
method for quantifying UHIs intensity using the relationship between MODIS land surface
temperature and impervious surface areas, improving the reliability of UHIs detection which also
is based on remote sensing (H. Li et al., 2018). Moreover, Weng (2009) has introduced methods
for characterizing and modeling UHIs using remotely sensed land surface temperature data,

including a kernel convolution modeling method and object-based image analysis.

Satellite-based thermal imagery, particularly from sensors like MODIS and Landsat, has been
instrumental in monitoring UHIs (Kaya et al., 2012; Keramitsoglou et al., 2011; Pongracz et al.,
2010). These sensors have been used to extract and analyze thermal patterns, identify UHIs
boundaries, and assess the relationship between urban growth and UHIs (Kaya et al., 2012;
Keramitsoglou et al., 2011). The data from these sensors has also been used to understand the
physical content of different satellite-based parameters and analyze the impact of land

development on UHIs (Pongracz et al., 2010).

The application of satellite imagery in temperature measurements, particularly in identifying and
analyzing UHIs, is a focal point of this research. Through the interpretation and analysis of thermal
data obtained from satellite images, areas experiencing elevated temperatures characteristic of
UHIs are pinpointed. This analysis involves identifying thermal anomalies and comparing

temperature variations across different land cover types and urban settings.

Therefore, remote sensing enables precise UHI detection by analyzing temperature and land cover,

which is vital for urban climate studies and planning.
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2.2.2 Key principles guiding remote sensing applications

Remote sensing applications are guided by principles such as spectral signature analysis, spatial
resolution, and radiometric and geometric corrections. These principles ensure the accuracy and

reliability of remote sensing data for subsequent analysis (Yaoyu Lin et al., 2009).

Passive vs. Active Remote Sensing: Passive remote sensing relies on naturally occurring
electromagnetic radiation, such as sunlight, while active remote sensing involves emitting and

receiving signals to measure properties of the target area, such as radar imaging (Weng, 2009).

Spectral and Spatial Resolution: Spectral resolution refers to the ability of remote sensors to
distinguish between different wavelengths of electromagnetic radiation. Spatial resolution, on the
other hand, refers to the level of detail or spatial clarity in the imagery captured by remote

sensors(Z.-L. Li et al., 2020).

Radiometric and Geometric Corrections: Radiometric corrections adjust remote sensing data
for factors such as sensor calibration and atmospheric interference, ensuring consistency and
accuracy. Geometric corrections rectify distortions in remote sensing imagery caused by factors

such as terrain variations and sensor positioning (Zhou et al., 2018).

Temporal Resolution: Temporal resolution refers to the frequency at which data is captured over
a specific area. It is crucial for monitoring changes over time, such as seasonal variations,
vegetation growth, and land use dynamics. Higher temporal resolution allows for more frequent

updates and better tracking of dynamic processes (Wang et al., 2023).

Sensor Fusion: Sensor fusion involves integrating data from multiple sensors with different
characteristics to improve the overall quality and information content of remote sensing data. By
combining data from sensors with different spectral, spatial, and temporal resolutions, researchers
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can obtain a more comprehensive understanding of the target area and enhance the accuracy of

analysis (Xiao et al., 2023).

Calibration and Validation: Calibration involves adjusting remote sensing instruments to ensure
accurate and consistent measurements. Validation, on the other hand, involves comparing remote
sensing data with ground truth information to assess the accuracy of the measurements. Both
calibration and validation are essential for ensuring the reliability of remote sensing data and the

credibility of subsequent analysis (Russell et al., 2023).

Data Fusion and Integration: Data fusion and integration involve combining remote sensing data
with other sources of information, such as geographic information systems (GIS), field surveys,
and socioeconomic data. This integration allows for a more comprehensive analysis of complex
environmental and societal phenomena, facilitating better decision-making and resource

management (Gao et al., 2023).

To sum up, the principles guiding remote sensing applications, including spectral and spatial
resolution, radiometric corrections, and sensor fusion, are paramount for ensuring accurate and
reliable data analysis in diverse environmental contexts, a comparison of these methods are

gathered in Table 5.

Table 5: Pros and cons of remote sensing methods

Remote Sensing Method Pros Cons

Energy-efficient, works well for large- Limited by weather and sunlight

Passive Remote Sensing o N
scale monitoring. availability.

Can operate anytime, provides high

Active Remote Sensing Expensive, energy intensive.

accuracy.
Spectral and Spatial High detail and differentiation of Requires large storage and high processing
Resolution surfaces. power for high resolution.
Radiometric and Geometric Improves  data  accuracy and Computationally intensive, may still have
Corrections consistency. errors in complex terrains.
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Temporal Resolution .
of changes over time. and management.

Combines  multiple datasets for

Sensor Fusion . .
comprehensive analysis.

Complex integration and processing.

Calibration and Validation Ensures accuracy and reliability of data. S
ground validation.

Enables deep analysis by combining Technically ~ challenging, prone

Data Fusion and Integration .
diverse data sources.

datasets.

2.3 UHI and climate change

2.3.1 Importance of climate change

Climate change refers to the long-term alteration of weather patterns and average temperatures on
Earth. It is caused by human activities, such as the burning of fossil fuels and deforestation, which
release greenhouse gases into the atmosphere. These greenhouse gases, including carbon dioxide

and methane, trap heat and contribute to the warming of the planet (Feliciano et al., 2020).

This warming leads to a range of impacts, including rising sea levels, more frequent and severe
weather events, changing ecosystems, and disruptions to agriculture and food production (Bandara
& Cai, 2014). Also, the consequences of climate change, spanning ecosystems, biodiversity,
human health, and socio-economic systems, are well-documented (Louis & Phalkey, 2016; Patz
et al., 2014; Pongréacz et al., 2010). These disproportionately affect vulnerable populations,
exacerbating inequalities and challenging global health and security. Addressing this necessitates
mitigation, adaptation, and resilience-building measures, emphasizing human rights, social justice,

and reducing greenhouse gas emissions (Pongracz et al., 2010)

For example, a real case study that highlights the impact of climate change on human health is the
increase in mosquito-borne diseases like malaria in regions such as Africa, Asia, and South

America. furthermore, as temperatures increase and rainfall patterns shift, the habitats of disease-
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carrying mosquitoes expand, leading to a higher risk of transmission to human populations
(Campbell-Lendrum et al., 2015). Another example could be the increase in heat-related mortality,
particularly among marginalized communities living in densely urbanized areas. These
marginalized communities may lack access to air conditioning or other means of cooling, making

them more vulnerable to extreme heat events (Haines et al., 2006).

Understanding and acting on climate change is pivotal for future generations' well-being. By
comprehending its mechanisms and effects, we lay the groundwork for sustainable development.
Cities can bolster resilience by addressing urban heat and climate change together. Collaborative

efforts at all levels are vital for a prosperous and equitable future.

2.3.2 UHI and climate change dynamics

Climate change and UHIs have complex interactions, with UHIs exacerbating the effects of heat
waves and contributing to higher temperatures in urban areas (Bornstein et al., 2012; Zhao et al.,
2018). While UHIs contribute to temperature increases, true climatic warming remains primary.
The synergistic effects of UHIs and heat waves vary based on local climate and future warming

scenarios, impacting human thermal comfort significantly (Masson et al., 2020).

The UHIs effect, compounded by urbanization and climate change, significantly impacts health
and contributes to global warming (Feinberg, 2022; Heaviside et al., 2017). Understanding this
interplay is critical, particularly regarding heat stress during heat waves (Howden et al., 2007).
Specific case studies, like Athens, Greece, reveal a potential positive feedback loop between UHIs
and heat waves, intensifying thermal risk (Founda & Santamouris, 2017). Proposed mitigation

measures include increasing albedo, vegetation fraction, and irrigation (Kong et al., 2021).
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Estimates suggest UHIs may contribute 3-36% of global warming (Feinberg, 2022). Mitigation
strategies, such as enhancing surface reflectivity and vegetation density, are essential to address

amplified UHI effects in a warming world (Lee et al., 2014).

2.3.3 Studies on UHIs effect in Italian cities

A series of studies have investigated the UHIs effect in various cities in Italy Garzena et al.
(2019Db) analyzed long-term climate data for Turin, identifying the UHI and its evolutionNoro &
Lazzarin (2015b) and Straffelini & Tarolli (2023) both studied the UHI in Padua, with Noro
reporting an increase in the UHI effect and Battistella exploring mitigation strategies. Straffelini
& Tarolli (2023) used remote sensing and GIS methods to study the UHI in the Trieste area, finding
a correlation between higher temperatures and building density. Susca et al. (2023) find that green
facades are more effective than green roofs for cooling high-rise buildings, green walls work best
in canyons parallel to wind direction, and scale matters for UHI mitigation strategies. Pauly et al.
(2024) discovered that wind can mitigate the UHIs effect in Turin up to a certain velocity (4-4.5

m/s) and beyond which it has no positive impact on UHI.

Furthermore, Milelli et al. (2023) study identifies and characterizes the UHIs effect in Turin.
Additionally, it observes the presence of an Urban Dry Island (UDI) effect during the daytime and

investigates UHI effects at various levels using ground-level and vertical temperature profiles.

These studies collectively highlight the presence of the UHI effect in Italian cities and the need for

effective mitigation strategies.
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2.4 Mitigation strategies for UHIs

A range of synergistic solutions for mitigating UHIs and addressing climate change have been
proposed. B. He (2019) emphasizes the co-benefits approach, which integrates UHI mitigation
into existing urban development projects, such as sponge city construction in China. This approach
can enhance public participation and rebalance institutional weights. Parsaee et al.
(2019) highlights the need for a collaborative platform that links urban climate maps and UHI
studies with urban development policies and action plans. Makvandi et al. (2023) suggests using
GIS-CFD modeling to optimize building morphology and urban block configuration, particularly
in rapidly urbanizing areas, to mitigate UHIs and improve air quality. Degirmenci et al.
(2021) underscores the importance of integrating policy and technology responses, such as green
building envelopes and cool surfaces, to effectively address UHIs. Weber et al. (2018) and Leal
Filho et al. (2018) both emphasize the need for effective UHIs mitigation strategies, with Weber
et al. (2018) specifically highlighting the resilience and effectiveness of strategies such as trees,
shrubs, and high albedo materials. However, Yang et al. (2015)cautions that the use of reflective
materials for UHIs mitigation may have unintended environmental impacts, suggesting that a city-
specific approach is necessary. Weber et al. (2018) further underscores the importance of building
form, orientation, and layout in UHIs mitigation. These studies collectively underscore the need
for a nuanced, context-specific approach to UHIs research and mitigation, which can be facilitated

by advancements in remote sensing technology. Let delve deeper into some solutions.

2.4.1 Urban planning

Urban planning plays a crucial role in mitigating UHIs by considering factors such as urban

characteristics, local meteorological features, and the type of urban materials (Jusuf, 2018). Green
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infrastructures, including urban green areas, are also key in this effort, as they can help cities adapt
to climate change and enhance their sustainability and resilience (Sturiale & Scuderi, 2019).
Furthermore, the presence of plants in urban spaces can significantly contribute to UHI mitigation
by improving the urban climate (Onder, 2015). Implementation of UHI mitigation strategies, such
as increased vegetative cover and higher-albedo surface materials, can reduce the impacts of

biophysical hazards in cities (Solecki et al., 2005).

Building orientation and shading: Urban design interventions for reducing UHIs aim to mitigate
heat accumulation in urban areas. Building orientation and strategic placement of shading
elements, such as trees and awnings, help minimize solar heat gain and lower the overall
temperature within cities. Optimizing building orientation can effectively mitigate UHI effects,

enhancing thermal comfort and energy efficiency for residents (Bahi et al., 2020; Feng et al., 2019).

A range of studies have highlighted the potential of building orientation and shading as effective
urban design interventions for reducing UHIs. Elshiwihy (2019) and Valladares-Rendo6n (2017)
both emphasize the importance of optimized shading techniques in reducing energy consumption
and enhancing daylighting. Abu Bakar et al. (2015) further supports this, demonstrating the
potential of smart shading structures in mitigating UHIs in hot arid urban environments. Jentsch
et al. (2013) adds to this by emphasizing the role of street canyon orientation in solar shading and
urban microclimate. These studies collectively underscore the significance of building orientation

and shading as key strategies in UHI reduction.

Natural ventilation and airflow optimization: Natural ventilation and airflow optimization can
significantly contribute to reducing the UHIs effect by facilitating the movement of cooler air and
dissipating excess heat within urban areas. Research has shown that well-designed urban layouts

and building configurations can enhance airflow, allowing for the exchange of indoor and outdoor
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air. This process helps to cool urban surfaces and lower ambient temperatures, thereby mitigating

the heat island effect (Abshaev et al., 2023; Aram et al., 2019; Zhang et al., 2018)

For instanse, B.-J. He et al. (2020) found that precinct ventilation can effectively mitigate UHI and
improve outdoor thermal comfort. Short et al. (2004) demonstrated the potential of passive stack
ventilation and passive downdraught cooling in maintaining thermal comfort in non-domestic
buildings within UHIs. J. Li & Donn (2017) highlighted the influence of building height variability
on natural ventilation and UHI, emphasizing the need for accurate modeling in dense urban
environments. Rossi et al. (2015) explored the use of retroreflective facades for UHI mitigation,
indicating the potential of cool materials in reducing surface overheating. These studies
collectively underscore the importance of natural ventilation and airflow optimization in UHI

reduction.

2.4.2 Transforming buildings

Energy efficiency plays a crucial role in UHI mitigation efforts, as excessive energy consumption
contributes to heat generation and exacerbates UHIs effects. By incorporating energy-efficient
technologies and building practices, such as improved insulation, efficient HVAC systems, and
optimized building orientation, cities can minimize energy demand and reduce heat emissions from

buildings, thereby mitigating UHIs(B. He, 2019).

Research has identified several building modifications to combat UHIs. Kandya & Mohan (2018)
suggests using natural materials with high thermal resistivity, such as bamboo and rammed earth,
to reduce the cooling load of buildings. Stolz (2012) introduces new concepts for building
protection, including high performance concretes, which could potentially be applied to UHI

mitigation. Loh & Bhiwapurkar (2022) and Nifatova (2022) both emphasize the importance of
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design-based approaches, with Loh proposing a new generation of climate-responsive building
forms and facades, and Nifatova focusing on the modernization of internal and external
envelopes. Gregoério & Seixas (2017)suggests a spatial-based methodology for energy renovation
in historic centers, while David Thorpe (2024)reviews the potential for reducing energy
consumption and carbon emissions in high-rise buildings. These studies collectively highlight the
need for innovative design strategies and holistic approaches to address UHIs and improve energy

efficiency in urban structures.

A range of strategies have been proposed to mitigate the UHIs effect, including the use of cool
roofing membranes and coatings, reflective building materials, and automated shading systems
(Ziaeemehr et al., 2023). Green roofs and walls, permeable paving, and passive cooling strategies
such as natural ventilation and daylighting have also been suggested (Lee et al., 2014). Cool
pavements, which can reflect solar radiation and negate evaporative cooling, are another potential
solution (Qin, 2015). Additionally, the use of double skin facades and shading strategies, as well
as the optimization of building insulation, have been identified as effective UHI mitigation

technologies (Andoni & Wonorahardjo, 2018).

To summarize, the list of building modifications that can effectively combat UHIs includes:

Energy Efficiency: Utilization of energy-efficient technologies and practices, including improved

insulation, efficient HVAC systems, and optimized building orientation.

Material Selection: Incorporation of natural materials with high thermal resistivity, such as
bamboo and rammed earth, alongside high-performance concretes, and innovative building

protection concepts.
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Design Approaches: Adoption of design-based approaches focusing on climate-responsive
building forms and facades, as well as spatial-based methodologies for energy renovation in

historic centers.

Cooling Strategies: Exploration of strategies for reducing energy consumption and carbon
emissions in high-rise buildings, including cool roofing membranes, reflective building materials,

and automated shading systems.

Green Infrastructure: Integration of green roofs, walls, and permeable paving to enhance natural
cooling, alongside passive cooling strategies such as natural ventilation, daylighting, and cool

pavements.

Building Envelope Optimization: Utilization of double skin facades, shading strategies, and

optimized building insulation for effective UHI mitigation.

2.4.3 Vegetation and green infrastructure

Harnessing the cooling power of vegetation is a crucial strategy in mitigating the UHIs effect. By
strategically planting trees and other greenery, cities can significantly reduce ambient
temperatures. Trees provide shade, which helps lower surface temperatures and decrease the heat
absorbed by buildings and pavement. Additionally, vegetation releases moisture through a process

called transpiration, which further cools the air through evaporation (B.-J. He, 2019).

Research consistently shows that the strategic use of vegetation can significantly reduce the UHIs
effect (Gunawardenacetal., 2017; B.-J. He, 2019; Price et al., 2015; Wong et al., 2021). Vegetation,
including trees, green roofs, and green walls, provides shade, lowers surface temperatures, and
releases moisture through transpiration, all of which contribute to cooling the urban environment.
However, the cooling potential of vegetation varies depending on factors such as scale, extent, and
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design (Wong et al., 2021). While greenery on the ground can reduce peak surface temperatures
by 2-9°C, green roofs and walls can reduce surface temperatures by approximately 17°C (Wong
etal., 2021). It is important to note that the cooling effect of water bodies may not be as significant

as that of vegetation (Theeuwes et al., 2012)

Promoting biodiversity in urban environments is another key aspect of effective urban greening
efforts. Diverse plant species support a healthier ecosystem and provide a wider range of benefits,
including improved air quality, enhanced habitat for wildlife, and increased resilience to pests and
diseases. Introducing native plant species can be particularly beneficial as they are well-adapted

to local climate conditions and require less maintenance (Bayulken et al., 2021).

However, there are challenges to implementing successful urban greening initiatives. One common
obstacle is limited space in densely populated urban areas. Finding suitable locations for planting
trees and creating green spaces can be difficult, especially in areas with high levels of development.
Additionally, there may be competing interests for land use, such as for housing or infrastructure

projects, which can hinder efforts to prioritize green spaces (Liu et al., 2021).

To address these challenges, cities can adopt innovative solutions such as green roofs and vertical
gardens, which utilize underutilized spaces like rooftops and walls for vegetation. These
approaches not only help combat the UHIs effect but also provide additional benefits such as

improved stormwater management and energy efficiency (Al-Kayiem et al., 2020).

Furthermore, community engagement and collaboration are essential for the success of urban
greening efforts. Involving local residents in the planning and implementation process can help
build support for green initiatives and ensure that green spaces meet the needs and preferences of

the community. Partnering with businesses, non-profit organizations, and government agencies
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can also provide valuable resources and expertise to overcome challenges and achieve shared goals

(Liu etal., 2021).

2.4.4 Case studies: Cities battling UHIs and climate change

Examining case studies of cities around the world provides valuable insights into the diverse
approaches and innovative strategies employed to address the challenges posed by UHIs and
climate change. By analyzing successful initiatives and lessons learned, cities can identify best

practices and tailor solutions to their unique contexts.

1. Masdar City, United Arab Emirates: Masdar City, located in Abu Dhabi, UAE, is a
sustainable urban development known for its innovative approach to building orientation
and shading. The city utilizes compact urban design principles and carefully planned
building orientations to maximize shade and minimize solar exposure. Additionally,
Masdar City incorporates passive shading strategies, such as overhangs, louvers, and
greenery, to reduce heat gain and create comfortable outdoor spaces even in hot desert

climates.
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Figure 2: Masdar City plan design and perspective

Source: https://meconstructionnews.com/10400/masdar-city-in-abu-dhabi-outlines-5-year-expansion

43


https://meconstructionnews.com/10400/masdar-city-in-abu-dhabi-outlines-5-year-expansion

2. The Pearl-Qatar, Qatar: The Pearl-Qatar is an artificial island development in Doha,
Qatar, that prioritizes building orientation and shading to mitigate heat island effects. The
island's master plan incorporates waterfront promenades, narrow streets, and strategically
placed buildings to optimize shading and airflow. Furthermore, buildings on The Pearl-
Qatar are designed with adjustable shading devices and reflective surfaces to minimize

solar heat gain and enhance thermal comfort for residents and visitors.

Figure 3: Pearl-Qatar island

Source: https://www.callisonrtkl.com/projects/the-pearl-gatar-united-development-company/

3. Vauban, Germany: The Vauban district in Freiburg, Germany, is renowned for its
sustainable urban planning initiatives, including natural ventilation and airflow
optimization. The neighborhood features pedestrian-friendly streets, green spaces, and
passive solar design principles that maximize airflow and promote natural ventilation.
Additionally, Vauban incorporates energy-efficient building designs with cross-ventilation
systems and adjustable shading devices to enhance indoor air quality and reduce reliance

on mechanical cooling (David Thorpe, 2024).
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Figure 4: Vauban, plan and bird view perspective

Source: https://www.greencitytimes.com/europe-s-most-sustainable-city/

4. Singapore: Greening the City-State: Singapore has emerged as a global leader in urban
greening, implementing initiatives such as the "City in a Garden" vision and extensive
green infrastructure projects. The city-state has strategically integrated green spaces, parks,
and vertical gardens into its urban fabric, mitigating the heat island effect, enhancing

biodiversity, and improving residents' quality of life.
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Figure 5 Singapore: Greening the City-State (Green Acres by Singapore’s Skyscrapers - The New York Times

(nytimes.com)

By learning from the experiences of these cities and others, urban policymakers, planners, and

stakeholders can gain valuable insights into effective strategies for combating UHIs and climate
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change. By sharing knowledge, fostering collaboration, and scaling up successful initiatives, cities

can build resilience, enhance sustainability, and create healthier, more livable urban environments

for all residents.

2.5 Conclusion

This chapter provides a comprehensive review of existing literature on UHIs, with a focus on their
formation, contributing factors, and potential mitigation strategies. The review underscores the
detrimental impacts of UHIs on human health, thermal comfort, and energy consumption in urban

environments.

Key findings from the reviewed literature and case studies reveal several important points,

particularly regarding the implementation phase, as outlined in Table 6:

Table 6. Summary of Mitigation Strategies for UHIs based on literature

Implementation

Category Strategy
Phase
Green infrastructure (e.g., parks, green spaces) Before
Building orientation and layout Before
Urban ; : :
) Strategic shading (trees, awnings) Before and After
Planning
Natural ventilation and airflow optimization Before
Urban climate maps integration Before
Energy-efficient technologies and practices (insulation, HVAC systems) Before and After
Use of natural materials with high thermal resistivity Before
Innovative building protection concepts (high-performance concretes) Before
Climate-responsive building forms and facades Before
Building Cool roofing membranes and coatings After
Design Reflective building materials After
Automated shading systems After
Green roofs and walls After
Permeable paving After
Double skin fagades Before and After
Planting trees and other greenery Before and After
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Vegetation Promoting biodiversity through diverse plant species Before and After

and Green .
Green roofs and vertical gardens After
Infrastructure
Passive cooling strategies (natural ventilation, daylighting) Before and After
Cooling Cool pavements After
Strategies Shading strategies Before and After
Optimized building insulation After

The highlighted strategies, which can be implemented after construction, serve as key mitigation

measures identified in this research.
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3 Methodology

Within this chapter, the research framework and different steps of the methodology are revealed,
encompassing all methods, software, and tools that are introduced. Additionally, the data needed

for each step will be discussed, and limitations and challenges regarding this proposed approach

will be addressed at the end.

3.1 Research design and framework

The methodology is designed to leverage advanced remote sensing techniques, detailed analysis

using the Dragonfly plugin, climate change projections, and innovative solutions to address the

challenge of UHIs. The research framework is represented in Figure 6.
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Figure 6: The research Framework and methodology steps
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Each section of the graph and its corresponding number are explained in detail below.
Step 1: Data Collection by Remote Sensing Techniques

The first step involves the collection of data using remote sensing technology. Google Earth
Engine is employed to detect and map areas with potential for UHI formation. This is achieved by
analyzing temperature variations and land cover characteristics to identify regions prone to high

temperatures.

Google Earth Engine @ seons pisces s dassees O M i ©
[T Cocx _aveene | T T T N N O e O e

* Isportd (2 eftrles) a Useprint(...) 10 wile 10 s conscle -

| * var geowotry ! MultiPoint, @ vertices [J '

* Omner (1) tvar imagaVisParaw: Fi8 from 2688 to 229
* users/kismaMoring Ul var LerdsatiST = regeire( ysars/ sofiasrmiza/ lantset_sew lxtomocules/ Landsat LLT

Rngh

Best

| IS
* Writer
No acoewritie fepuertnres
Tk Betmshy
MABIOE LB L)

| Coefficiants for Landiat-? are n

Dwfine the regicn of intersst | on UT-2021 This (ode mas Saen
WIC R0ty = ee.Gooertry. Rectaagle((s 5, 43.8, &5, = 311); 08 41-§7-2020 Shis .Chéu Rt SN 110
Dufine the Landsar iatellita, data rangs, wnd MW urage
var satallite = L2°; o
pan Avre weare o NA0AE00 ¢t IsageCollection (177 elawerts)
*

Landsat Collection

TRl

Figure 7: The environment of Google Earth Engine

Step 2: Detailed Analysis Using Dragonfly

Subsequently, the Dragonfly plugin within Rhino software is utilized for a comprehensive analysis
of the identified UHI-prone regions. This involves 3D modeling of the area and in-depth simulation

of various parameters that contribute to the UHI effect.

Step 3: Climate Change Projection

The impact of climate change on UHI-prone areas is projected, and the effects of UHIs are

analyzed for current and future. This step is crucial for understanding the long-term implications
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of UHIs. For this step CCWorldWeatherGen tool is used to convert current weather data to future

scenarios.
Step 4: Comparison of Scenarios

A range of qualitative and quantitative solutions are proposed to mitigate the effects of UHIs in.
These solutions, generated using Dragonfly software, include urban planning strategies, building
modifications, and the creation of green spaces. Different scenarios for UHI mitigation are
compared to assess their effectiveness and feasibility. This comparison enables the selection of the
most suitable and sustainable solutions under various scenarios, including worst-case projections.
This comparison is based on some KPIs? which is UTCI, UHI Intensity, HDD and CDD. Look at

section 3.3. Here the Design explorer tool also will be used to detect best scenario.
Step 5: Promise for Urban Planners and Policymakers

The research holds immense promise for providing insights to assist urban planners and
policymakers. The findings can inform future decision-making processes and enhance the

resilience of Turin against the effects of UHIs.

3.2 Data acquisition and software selection

3.2.1 Remote sensing data

For this methodology, remote sensing data are first required. There are several websites where free

remote sensing maps can be downloaded in various formats, along with metadata.

2 Key Performance Indicators
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1. USGS EarthExplorer: This platform offers a wide array of satellite imagery and remote
sensing data from different missions, such as Landsat and Sentinel. It provides various

format options and comprehensive metadata. Website: USGS EarthExplorer

2. NASA Earthdata Search: This resource, part of NASA's Earth Observing System Data
and Information System (EOSDIS), provides abundant remote sensing data from satellites
like MODIS and VIIRS. Users can search data by location, time, and dataset type, and

download both imagery and metadata. Website: NASA Earthdata Search

3. European Space Agency (ESA) Earth Observation Data: ESA offers access to remote
sensing data through its Copernicus program, including Sentinel satellites. Data can be
obtained via portals like the Copernicus Open Access Hub, which provides free access to

Sentinel data along with metadata. Website: ESA Earth Observation Data

4. NOAA National Centers for Environmental Information (NCEI): NCEI provides
various environmental data, including remote sensing imagery from satellites like NOAA's
GOES. Data can be downloaded in different formats, accompanied by metadata. Website:
NOAA NCEI

5. Google Earth Engine (GEE): Though not a conventional data download site, Google
Earth Engine grants access to an extensive archive of remote sensing data from multiple
sources, including Landsat and MODIS. Users can directly analyze and visualize data on
the platform or export it for further analysis, often with metadata included. Website:

Google Earth Engine

Selected platform

This research utilizes Google Earth Engine as the platform for remote sensing data analysis. The

choice of Google Earth Engine is justified by its unique features and capabilities. Its ability to
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enable coding directly within the platform sets it apart from other sources, simplifying data
interpretation and visualization (After downloading data from the first four sources, external
software is needed to interpret the data). Additionally, Google Earth Engine offers access to a wide
range of datasets, including those crucial for analyzing Earth's surface temperature and other
geospatial data. Its powerful analysis capabilities empower researchers, scientists, and developers
to detect changes, map trends, and quantify differences effectively. Overall, Google Earth Engine
provides a comprehensive and efficient solution for conducting remote sensing data analysis,
making it the preferred choice for this research. More detail of this platform will be given in section

5.1.

3.2.2 Weather data

After that we need to analysis part of Turin in Dragonfly which we need a 3D model File of Turin

case study part and weather files for current and future scenarios.

There are several types of weather data files, which in this research EPW?3 will use be used. This
file is a type of weather data file specifically designed to support building simulations. It stands
for a Typical Meteorological Year (TMY) data set*, which is a collation of selected weather data
for a specific location, listing hourly values of meteorological elements for a one-year period. The
values are generated from a data bank much longer than a year in duration, at least 12 years. EPW
file typically contains, Hourly weather data for a full year With Meteorological parameters such

as temperature, humidity, solar radiation, wind speed, and direction (OneBuilding, 2023).

3 EnergyPlus Weather Format
41t is a collation of selected weather data for a specific location, listing hourly values of meteorological elements for a one-year
period. The values are generated from a data bank much longer than a year in duration, at least 12 years.
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The current weather data for Turin can be easily downloaded from each of following website:

1. EnergyPlus EPW: EnergyPlus is a widely used building energy simulation program, and

it offers EPW weather files for different locations. Website: https://energyplus.net/weather

2. EPW map: Ladybug Tools provides access to weather data in EPW (EnergyPlus Weather)
format. weather files for various locations around the world can be find on their website:

https://www.ladybug.tools/epwmap/

It is important to note that the EPW file used in this research, obtained from the EPW map, is in
TMY format. For future weather files as well, recent research and methods exist to modify current

EPW files for various future scenarios.
Selected tool
The research utilizes the "CCWorldWeatherGen" tool for generating future EPW files.

CCWorldWeatherGen is a tool designed to generate climate change weather files for global
locations, tailored for use in building performance simulation programs. The tool converts present-
day EPW weather files into climate change EPW or TMY2° file. This Microsoft Excel-based tool
is a valuable resource for professionals in the field of architecture, urban planning, and
environmental science, offering a streamlined approach to assess climate change impacts on
building performance and urban area. Details on the underlying methodology used in

CCWorldWeatherGen can be found in Jentsch et al. (2013) publication. It utilized data from the

5 Typical Meteorological Year, version 2: provides historical hourly solar radiation and meteorological data from the 1961-1990
NSRDB for simulating energy system performance.
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IPCC® Third Assessment Report (TAR) model summary, specifically from the HadCM3 A2

experiment ensemble.

The Third Assessment Report (TAR) model summary data from the HadCM3 A2 experiment
ensemble refers to climate simulations conducted using the HadCM3 model for the IPCC’s Third
Assessment Report. These simulations are based on the A2 emissions scenario, which provides
data for climate projections under this particular scenario (Nakicenovic et al., 2000). Figure 8
shows an example of global surface warming based on different scenarios, including A2,

facilitating an easier comparison of A2 senario with others.
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Figure 8 Multi-model Averages and Assessed Range for Surface Warming

https://www.narccap.ucar.edu/about/emissions.html

Summary of weather files used in this research

8 Intergovernmental Panel on Climate Change
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To provide a clear overview of the weather files employed in this study, Figure 9 presents a

thematic diagram illustrating the six EPW files and their respective sources.

e Current Rural’: Sourced from the EPW map website, this is the baseline weather file.

e 2050 Rural & 2080 Rural: Generated using the CCWorldWeatherGen tool, which models
future climate scenarios based on the baseline current rural EPW file.

e Urban Files: Using the Dragonfly plugin, these rural EPW files are converted to urban
weather files, simulating the UHI effect for each time period (current, 2050, and 2080).

More information of Dragonfly will be explained in section 3.2.3 and 5.2.

From EPW map website

With Dragonfly plugin

current current

From CCWorldWeatherGen tool

With Dragonfly plugin

With Dragonfly plugin

2080

" From now on, to simplify understanding, the EPW file and its results that includes the effects of the UHI will be

referred to as "urban," while the original EPW file, which generally does not account for UHI effects, will be referred
to as "rural."
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Figure 9: The six EPW file used in this research and their references

3.2.3 UHIs analysis data

Various computational software programs and models have been developed to simulate and assess
the impact of climate on urban environments, emphasizing accuracy and efficiency (Ibrahimet al.,
2020). For instance, user-friendly software tools like ENVI-met, RayMan, and CitySim Pro are
acknowledged for their capability to evaluate outdoor thermal comfort and their integration with
CAD or GIS software. These tools have undergone evaluation against observations and are
regarded as reliable for specific purposes (Janicke et al., 2021; Tsoka et al., 2018). Moreover,
Ladybug Tools, particularly Dragonfly, has been noted for its parametric capabilities and time
efficiency in simulating and optimizing building and urban geometry configurations (lbrahim et

al., 2020). This study employs Dragonfly for UHI detection.
Introduction to Dragonfly plugin in Rhino software

Dragonfly, a part of the Ladybug Tools suite, is a robust tool for environmental analysis within
Rhino/Grasshopper (SADEGHIPOUR ROUDSARI et al., 2013). It enables the import of
EnergyPlus Weather (EPW) files and provides interactive graphics, aiding decision-making during
the design process. This open-source tool simplifies analysis, automates calculations, and
integrates parametric tools for real-time feedback on design changes (Ladybug Tools | Dragonfly,
n.d). Dragonfly uses the Urban Weather Generator (UWG) to convert rural EPW files into
urban ones, adjusting parameters like building geometry and anthropogenic heat to simulate urban

climate conditions, particularly the Urban Heat Island (UHI) effect. The UWG Model Schema on

Ladybug Tools provides detailed input data and preset values essential for these simulations. Some

of these data are shown in Table 7.

56


https://www.ladybug.tools/uwg-schema/index.html#tag/bemdef_model

Table 7: Urban Weather Generator (UWG) Model Data Schema

Category Attribute Details Range/Default Units
Method 1: 3D
i files
Site o Modeling Method Method used for urban data N/A
Characteristics input. Method 2: 2D
files
Specifies building categories
- such as Full-Service .
Building Type Restaurant, Hospital, Large Various types N/A
Hotel, etc.
Before 1980,
_— - . . 1980-present,
Building Building Age Indicates the construction era. Newly N/A
Geometry Constructed
Avo_arage Building Th_e _mean height of city Variable Stories
Height buildings.
- o The proportion of building
Bw[dmg Wall-to-Site walls compared to the total site  Variable Percentage
Ratio (%)
area.
Road Surface Type Type of road surface used in Asphalt N/A
urban areas.
Asphgli} Albedo Reflectivity ratio of asphalt. 0.1t00.3 Dimensionless
Coefficient
Surface Asphalt Thickness Thickness of asphalt used in 50 to 100 Millimeters
. roads. (mm)
Properties
Thermal Heat flow capacit of
Conductivity of pactty 1 W/m-K
Asphalt pavement.
Volumetric Heat Energy required to raise the 3
Capacity of Asphalt temperature of asphalt. 1,600,000 Jime-K
Vegetation Type Type of vegetation covering Trees, Grass N/A
the area.
Albedo Coefficient Reflectivity ratio of vegetated Default: 0.25 Dimensionless
surfaces.
Start and end month of active Estimated based
Growing Season energy contribution of . Month
. on climate data
Vegetation vegetation.
Fraction of solar energy Trees: 0.7
Latent Heat  of absorbed and released as latent . .
. Dimensionless
Vegetation heat through  Grass: 0.5
evapotranspiration.
Percentage of the area covered Percentage
Vegetation Coverage by vegetation, differentiated Variable %) g
by type (grass or trees). 0
Non-building heat generation Residential: 4
. Sensible Heat from sources like vehicles,
Traffic . S W/m2
Generation lighting, and human
metabolism. Downtown: 20
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24-hour profile defining the Typical
Traffic Data Schedule hourly distribution of human- commercial area Hourly Profile
generated heat. pattern (default)

3.3 UHI assessment indicators

When simulating UHIs, the resulting weather file (EPW) can be compared to a baseline rural EPW
file. This comparison provides insight into the magnitude and characteristics of the UHI effect.
The KPIs used for analysis will be derived either directly from the newly generated EPW file or
through a comparison with the rural baseline. A detailed explanation of how these KPIs is extracted
from the simulation data will be provided in Section 5.2. In this section, here we will focus on

introducing the following KPIs used to evaluate UHI performance:

3.3.1 Universal Thermal Climate Index (UTCI)

The Universal Thermal Climate Index (UTCI) is a widely recognized measure of human thermal
comfort, designed to assess the combined effects of air temperature, humidity, wind speed, and
mean radiant temperature in outdoor environments. Unlike conventional indices that focus on a
single variable, UTCI offers a more comprehensive approach, considering the interaction of
multiple climatic parameters to evaluate how hot or cold it feels for humans. Due to its robustness
and sensitivity to various environmental conditions, UTCI has become a preferred index for

outdoor thermal comfort analysis.

UTCI is selected over other thermal indices because it is highly responsive to a variety of climate

variables, providing a holistic measure of thermal stress and comfort under different weather
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conditions. Its utility spans various applications, including urban climate studies, building design,

and public health.

The formula for UTCI, developed from foundational studies such as Blazejczyk et al. (2012), is

well-regarded for its accuracy in representing thermal stress under diverse conditions. In the

software implementation, the open-source code by Chris Mackey (GitHub) will be utilized for

calculating the UTCI values across different time periods using Equation (1).

UTCI = f(TyRH, v, Topr) 1)

Where:

e T, = Airtemperature (°C)
e RH = Relative humidity (%)
e v =Wind speed (m/s)

e Tmr = Mean radiant temperature (°C)

These variables collectively determine the UTCI, which reflects the thermal conditions

experienced by humans.

Time Periods for UTCI Calculation

To assess thermal comfort across different seasons and times of day, the UTCI will be calculated

for the following time periods:

e Mean summer daytime
e Mean summer nighttime

e Mean winter daytime
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e Mean winter nighttime

These periods are chosen to account for the variability in thermal stress due to seasonal and diurnal

changes in climate variables, providing a more granular understanding of outdoor comfort levels.

3.3.2 Urban Heat Island Intensity (UHI Intensity)

This metric measures the average difference in air temperature between an urban area and a
reference rural area, providing a single value to assess the overall UHI effect under different
scenarios. In this study, the reference temperature used to calculate UHI intensity is the Universal
Thermal Climate Index (UTCI), which represents a more accurately adjusted temperature for this

analysis. This will calculate for the same time period as UTCI.

This KPI was chosen because it directly quantifies the severity of UHI effects, helping to identify
areas where mitigation efforts should be prioritized. It's a standard measure in UHI research and

provides clear insights into how built environments contribute to localized warming.

So here Equation (2) is used for calculating UHI intensity.

UHI Intensity = UTCl,pqn — UTClryrai 2

Where:

e UTCI uwan = Universal Thermal Climate Index for the urban area (°C)

e UTCI wa = Universal Thermal Climate Index for the rural reference area (°C)
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3.3.3 Heating Degree Days (HDD) and Cooling Degree Days (CDD)

By definition, HDD index is a weather-based technical index designed to describe the need for the
heating energy requirements of buildings. CDD index is on the other hands designed to describe

the need for the cooling (air-conditioning) requirements of buildings.

HDD and CDD, expressed by Equations (3) and (4), are crucial indicators of energy requirements
for buildings, reflecting climate change impact (Corrales-Suastegui et al., 2021). In EnergyPlus,
the default set points for calculating HDD and CDD are typically 18°C (65°F) for heating and

24°C (75°F) for cooling. Which is considered in this study.

These KPIs provide practical insights into how UHI effects impact energy consumption, making
them valuable for urban planners and policymakers interested in reducing energy usage and
optimizing urban infrastructure. Energy consumption models could have been employed, but HDD
and CDD are simpler, well-established indicators that directly relate to the energy impacts of

temperature changes caused by UHI effects.

HDD Z:max(T,”,, Tacats V) (3)
i=1

CDD \L‘nmx(flf,,.,,._, Thuses 0) )
i=1

Where:

o Thase = Base temperature (18°C for heating and 24°C for cooling)
e Tav,i= Average outdoor temperature on day i (°C)

e n = Number of days in the period
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3.4 Challenges and limitations

Navigating through the complexities of UHIs analysis involves confronting several inherent

limitations and challenges that impact the reliability and accuracy of the findings.

Data Availability: Despite advancements in remote sensing, obtaining comprehensive
urban datasets remains challenging. While platforms like Google Earth Engine offer
extensive archives of remote sensing data, limitations such as low resolution and potential
missing metadata hinder the acquisition of precise datasets necessary for detailed UHI
analysis in Turin.

Model Assumptions: Acknowledging the complexities of urban environments, it's
important to recognize that simplifications in UHI models may limit accuracy. Despite
efforts to utilize up-to-date data, the inherent simplifications in modeling may not fully
capture the intricacies of real-world conditions, necessitating cautious interpretation of
results.

Uncertainties in Climate Projections: The reliability of UHI analysis can be affected by
uncertainties in climate projections. Future climate scenarios, along with the accuracy of
climate models, introduce uncertainties that must be considered when interpreting results,
ensuring a nuanced understanding of potential impacts on UHI dynamics.

Spatial and Temporal Variability: High-resolution data and models are crucial for
capturing microscale and temporal variations in urban environments. However, limitations
in data availability and model capabilities may hinder accurate assessment. Specifically,
model simplifications may not accurately represent the shapes of buildings and trees,

impacting the analysis of UHIs.
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3.5 Conclusion

Methodology introduces the framework, software, and data essential for the upcoming research on
UHIs in Turin. The methodology outlines the approach, including remote sensing techniques, the
Dragonfly plugin for analysis, and climate change projections. Various sources for remote sensing
data are discussed, with Google Earth Engine selected. Future weather data will be generated using
the CCWorldWeatherGen tool. Additionally, Dragonfly within Rhino software will be used for
detailed UHI analysis, with outlined data requirements. Anticipated challenges such as data

availability and uncertainties in climate projections are acknowledged.
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4 Case study (Turin, Italy)

This chapter will introduce the specific case study (Turin city) characteristics, including details

about geography of city, Climate data and its future trends.

4.1 Geographic location and characteristics

Turin, known in Italian as Torino, is a city rich in history and culture, located in the Piedmont
region of northern Italy. The city’s geographic coordinates are approximately 45°04'N
latitude and 7°40'E longitude. It was the first capital of Italy from 1861 to 1865 and is now the
capital of the Metropolitan City of Turin. The city’s population is approximately 843,514 as of
October 2023 (Bonetto et al., n.d.; Superficie Di Comuni Province e Regioni Italiane al 9 Ottobre

2011, n.d.), which is the 4" most populated city in Italy.

Figure 10: Piemonte, Italy, location
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Figure 11: Turin city map and a photo with its famous building, the Mole, and the Alps on the horizon

4.2 Climate data and future trends

Located in northwestern Italy at the foot of the Alps, Turin features a mid-latitude, four season and
Humid subtropical climate (Cfa) based on Kdppen climate classification (Beck et al., 2018; Belda

etal., 2014).

Winters are moderately cold and dry; summers are mild in the hills and quite hot in the plains.
Rain falls mostly during spring and autumn; during the hottest months, otherwise, rains are less
frequent but heavier (thunderstorms are frequent). During the winter and autumn months banks of
fog, which are sometimes very thick, form in the plains, but rarely on the city because of its
location at the end of the Susa Valley. Snowfalls are not uncommon during the winter months,
although substantial accumulation is quite uncommon (Torino Turistica - Servizio Telematico

Pubblico - Citta Di Torino, n.d.).

The following are pictures depicting current and future weather data of Turin, gathered from the
Ladybug plugin in Rhino software. The future data is based on the A2 emissions scenario as
described in 3.2.2.
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The weather data used here does not yet reflect the UHIs effect. These data are derived from current
rural conditions and the projected rural conditions in 2050 and 2080, generated using the

CCWorldWeatherGen tool as shown in Figure 12.

' current \
' 2050 I

From CCWorldWeatherGen tool With Dragonfly plugin

Rural
2050

Rural
2080 2080

Figure 12: Weather file selected for comparison of current and future weather of Turin

The purpose of this analysis is to compare the current rural weather conditions with projected
conditions for 2080 to assess how climate change will impact Urban Heat Island (UHI) dynamics
in Turin. The comparison focuses on rural areas as they provide a baseline reference for
understanding temperature increases without the influence of urban infrastructure. By isolating
rural data, we can clearly observe the natural progression of temperature changes due to global

climate factors rather than local urban modifications.

Only these two datasets are used because:
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1. Current Rural Weather offers a baseline that reflects natural climatic conditions without
the amplification effects of urban development. This baseline is essential for quantifying
the UHI effect when compared to urban temperatures.

2. 2080 Rural Weather is included to project future temperature increases in natural
conditions. Comparing the current and future rural data allows us to assess how much
temperatures are expected to rise under climate change scenarios, without the

confounding influence of urban heat effects.

By focusing on current and future rural data, the analysis provides a clear understanding of
how natural climate trends will evolve. This will help differentiate the impacts of climate change

from the intensified effects caused by urban infrastructure in later sections of the study.

Temperature

The graph shows that the temperature in Turin is predicted to increase significantly by 2080. The
average current temperature is 12.18 °C, and the average future temperature is predicted to be

16.59 °C.
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Figure 13: Hourly temperature data for current (Left) and Future, 2080 (Right) of Turin

Relative humidity
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The relative humidity in Turin is currently high, averaging at 68.7%, and is projected to increase
to 75% in the future, exacerbating comfort conditions. Although it can be observed that during

cold months, as well as at night or in the morning, humidity levels are higher.

Figure 14: Hourly relative humidity in Turin current (Left) and future (Right)

Wind

During the summer months, from May 22nd to August 22nd, the prevailing wind direction in Turin
is mostly from the west-north and east-north. This trend is expected to shift further towards the
north in the future. As for the temperature of the winds, it typically ranges from 20 to 31 degrees
Celsius, but in the future, it is projected to increase to a range of 20 to 39 degrees Celsius. In the
future, approximately 42% of the time is projected to have no wind, whereas currently, around

11% of the time is calm.
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Figure 15: Wind rose in Turin current (Left) and future (Right)
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Based on the weather data, the average wind speed in the current situation is 0.97 m/s, while in the

future, it is projected to be slightly higher at 1.01 m/s.

Cloud cover
Currently, cloud cover is generally high (45% covered in average), especially during nighttime.
However, in the future, there will be some days with total intense cloud cover and other days that

are clear (41.6%).

Figure 16: Hourly cloud cover in Turin current (Left) and future (Right)

Radiation
In the future, the average direct normal radiation is projected to increase from 118 to 146 Wh/m2,
global horizontal radiation from 147 to 161 Wh/m?2, and total solar radiation from 1475 to 1601.57

kWh/mz2,

Kwhy/m2 Kwh/m2
147563«
1353.16
1230.69
1108.23
285.76
863.29
740.83

- 61836

495,90

373.43

1601.57<
146546
1329.34
1193.22
1057.11
92099
784.87
L 64875

512.64
376.52

«250.56 «240.40
Total Sole Radwticn . Culls Dormw Vervan Tots Solar Rafiatian - Calia Do Venicon
Maomum Radiation: 147563 kaWym2 Masimum Raciation 160157 MWh/m2
MRA= RS VRA =0 MEASTA0 VRAZ SO
Lathude 4522 Latitude 4522

69



Figure 17: Total solar Radiation in Turin in current (Left) and future (Right)

Thermal comfort (Psychrometric Chart)

The provided Psychrometric Chart not only displays properties such as temperature, humidity
ratio, enthalpy, and dew point but also incorporates thermal comfort which its code was written in
grasshopper software. It accounts for passive design strategies Passive strategies optimize thermal
comfort and energy savings by using natural elements like sunlight and ventilation, minimizing

reliance on mechanical heating or cooling systems.

In Turin, it's observed that currently, 8.18% of the time falls within the comfort range, which
increases to 46.24% when passive strategies are considered. However, these figures are expected

to decrease in the future to 5.5% and 41.7%, respectively.
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Figure 18:Current Psychrometric Chart of Turin with comfort passive strategies
It is evident that the curved lines representing humidity are increasing, indicating higher humidity
levels. Additionally, the temperature range on the horizontal axis is rising, with the maximum

temperature increasing from 35 to 44 degrees Celsius.
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Figure 19: Future Psychrometric Chart of Turin with comfort passive strategies

Universal Thermal Comfort Index

Following are graphs of the Hourly Universal Thermal Comfort Index (UTCI) for Turin, Italy. As
mentioned in section 3.3 The UTCI is a temperature scale that considers humidity, wind speed and
radiation as well as air temperature (Park et al., 2014). A UTCI of 9°C is considered to be the
lower limit of the comfort zone, and a UTCI of 26°C is considered to be the upper limit for

representing in Figure 20.
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Despite the current indication that summer nights fall within the comfort zone, typically ranging
between 9 to 26 degrees Celsius, many people experience difficulty sleeping without air
conditioning due to the heat (based on personal experience). Looking into the future, within less
than 50 years, there are projected to be around 10 days of extreme heat conditions where
temperatures will not drop below 26 degrees Celsius, both during the day and night. These

prolonged periods of intense heat, known as heat waves, can lead to health problems and even

fatalities.

Given these projections, it's evident why air conditioning and redesigning buildings should be

considered essential for European cities like Turin to prepare for future extreme events resulting

from climate change.
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Figure 20: Hourly Universal Thermal Comfort Index in Turin in current (Up) and future (Down)



4.3 Turin UHI dynamics

Turin, Italy, serves as a compelling case study for investigating UHIs phenomena due to a unique
combination of geographical and urban development factors. Situated amidst the Alpine Mountain
chain and the Superga hills, the city experiences limited circulation of foehn winds, fostering a
microclimate marked by dry summers and mild wet winters (Ellena et al., 2023). However, this
geographical configuration, combined with extensive urbanization and industrialization, has

exacerbated UHI effects, amplifying the intensity and frequency of extreme weather events.

The socio-economic transition in the 1950s and 60s led to significant waves of migration, resulting
in the abandonment of industrial spaces, which now cover approximately 10 million square meters
of the urban landscape (Piemonte, 2020). These abandoned areas exhibit significantly higher
temperatures, up to 3°C above the city's average during extreme events, further exacerbating UHI
effects Moreover, Turin's land use dynamics have contributed to the consumption of 64.69% of

the city's total surface area, intensifying heat retention and UHI effects (Munafo, 2019).

Climate change exacerbates these challenges, with Turin experiencing a progressive warming
trend since the 1990s, leading to heightened health risks (Morabito et al., 2015). Studies indicate
a significant UHI effect in Turin, with temperature differentials between urban and rural areas
reaching up to 2.4°C in winter and 4.4°C in summer, further intensifying during heatwaves (Mutani
et al., 2018). Notably, Turin exhibits one of the highest land surface temperature (LST)
differentials between urban and rural areas in Italy during summer, highlighting the city's

susceptibility to UHI effects (Biasin et al., 2023; Munafo, 2019).

The significance of Turin as a case study lies in its manifestation of complex UHI dynamics within

a densely populated urban area. The city's experience underscores the urgent need for tailored
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mitigation and adaptation strategies to alleviate the adverse effects of UHI and climate change on

public health and urban resilience.

4.4 Conclusion

Chapter 4 delves into a comprehensive case study focusing on Turin, Italy, exploring its
geographic characteristics and climate data along with future trends. Turin's rich history, cultural
significance, and unique urban landscape are highlighted, showcasing its diverse land use patterns
and functional diversity. Moreover, the chapter provides a detailed analysis of Turin's climate,
revealing a shift towards warmer temperatures, increased humidity, and altered wind patterns in
the future. These climatic changes pose challenges to the city's thermal comfort and underscore
the importance of proactive measures, such as sustainable urban planning and adaptation

strategies, to mitigate the impacts of climate change.

At the end, Turin, Italy, exemplifies the challenges of UHIs due to limited air circulation, extensive
dark surfaces from abandoned industrial areas, and high land consumption. These factors combine
with climate change to create a significant UHI effect, making Turin an ideal case study for

exploring mitigation strategies.
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5 Unveiling Urban Heat Islands in Turin

Chapter 5 focuses on the comprehensive analysis of UHI effects in Turin. It begins by identifying
UHI-prone areas using remote sensing data and Land Surface Temperature (LST) analysis. The
chapter then details the development of a 3D model using the Dragonfly plugin in Rhino to
simulate microclimatic conditions and understand the factors contributing to UHI formation.
Additionally, it involves generating future weather data to evaluate potential changes in UHI
intensity under different climate scenarios. Through these methods, the chapter aims to provide a
thorough understanding of UHI dynamics and the factors influencing heat accumulation in urban

environments.

5.1 Spatially identifying UHI prone areas

The first stage of this research involves using remote sensing technology to identify areas in Turin
that are prone to UHIs formation. Land Surface Temperature (LST) data from Google Earth Engine
(GEE) is crucial for this analysis. As mentioned in section 3.2.1 GEE provides a platform for
accessing, processing, and analyzing geospatial data (Mokhtari et al., 2019). Specifically, Thermal
InfraRed (TIR) bands within the LST data will be employed to detect temperature variations across
Turin. These variations can indicate zones likely to experience higher temperatures compared to

surrounding areas.

For this purpose, a code (write by author) based on the research by Ermida et al. (2020) is provided
to represent the LST of Turin and its surroundings. In this study, the surface temperature of Turin
was detected using Landsat-8 satellite imagery processed with custom scripts. The imagery has a

resolution of 10 meters per pixel, providing detailed spatial information. The analysis uses an
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average of data from 2022 to 2024 to capture typical temperature variations. In GEE the surface
temperature mapping with the Split-Window (SMW?) Algorithm was employed to compute LST
from Landsat data. This algorithm, developed by CM-SAF (EUMETSAT's Satellite Application
Facility on Climate Monitoring), uses empirical relationships and linear regression techniques. It
relies on a linearized radiative transfer equation, which depends on surface emissivity, to relate
Top of Atmosphere (TOA) brightness temperatures in the TIR channel to LST. The algorithm's
coefficients, including Ai, Bi, and Ci, are determined through linear regression analysis and are
stratified by Total Column Water Vapor (TCWV) levels. Unlike other algorithms, these
coefficients are not stratified by satellite view angle due to the narrower near nadir Field of View
(FOV) of Landsat sensors. This method enables accurate LST estimation, providing valuable
insights into surface temperature dynamics for applications like UHI monitoring, environmental

assessments, and climate studies.

The equation for Land Surface Temperature (LST) estimation using the Split-Window (SW)
Algorithm is given by Error! Reference source not found.).

Th 1
LST = Ai— + Biz + Ci [K] (5)

Where:
e LST = Land Surface Temperature (Kelvin, K)
e Tb = Brightness temperature at the Top of Atmosphere (TOA) in the thermal infrared

(TIR) channel (Kelvin, K)

8 Split-Window Method
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e & = Surface emissivity (dimensionless)

e A, Bi, Ci = Empirically derived coefficients:
I.  Ai (dimensionless)
Il.  Bi(Kelvin, K)

. Ci (Kelvin, K)

Ai , Bi, and Ci are empirically derived coefficients that adjust the relationship between the
brightness temperature and LST. These coefficients are specific to each Landsat sensor and are
stratified by Total Column Water Vapor (TCWYV) levels to account for atmospheric conditions

(Ermida et al., 2020).

The term % represents the brightness temperature corrected for surface emissivity, while % adjusts

for the emissivity's influence on the surface’s radiative properties. The coefficients Ai, Bi, and Ci
are obtained through a linear regression analysis that incorporates various atmospheric conditions,
as characterized by TCWYV levels. This approach helps mitigate the effects of atmospheric water

vapor on the radiative transfer process, enhancing the accuracy of LST estimates.

The mentioned code is provided in appendix 1 and the result in GEE are presented in Figure 21.
The temperatures in this figure are averaged from 173 available images from most recent (last two

years including 2022, 2023, 2024) dataset of landsat8.

The Land Surface Temperature (LST) map of Turin and its surrounding regions reveals significant
spatial variations in temperature, highlighting a clear gradient from cooler to hotter zones. Cooler
areas, represented in blue on the map, are primarily located on the outskirts and in natural
environments, where temperatures are recorded below 17°C. In contrast, the urban core and

industrial zones, depicted in yellow and red, show considerably higher temperatures, ranging from
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31°C to above 35°C. This pattern underscores the UHIs effect, where built-up areas—
characterized by extensive concrete and asphalt surfaces—tend to retain more heat than vegetated
or rural landscapes. Notable hotspots are particularly evident in industrial districts like Mirafiori
Nord and Lingotto, as well as in densely populated urban centers, suggesting that intensive human

activities and infrastructure development significantly contribute to higher LSTs in these locations.

Figure 21: Turin and its surrounding areas: LST Results

The study focuses on a single selected zone in Turin due to practical constraints, including limited
PC power and time. The comprehensive analysis of the entire city was not feasible because the
detailed 3D modeling process required significant computational resources, making it impractical
to model all urban areas comprehensively. This decision ensures a focused, manageable analysis

within the available resources.
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Within Turin, this study examines various regions to identify a specific zone for detailed analysis,
guided by predetermined criteria. A key factor in selecting the case study area is the potential for
significant future transformations. The study focuses on areas where interventions to enhance
future resilience or mitigate climate change impacts are considered feasible. Feasibility is assessed
based on factors like ease of implementation, with a preference for zones where modifications are
more practical, such as government-owned properties, industrial areas, or commercial complexes,

rather than residential neighborhoods where altering existing structures may be more challenging.

The selected area is about 1,300,000 square meter and 5000 m perimeter in Mirafiori Sud area in
southesth part of Turin as shown in Figure 22. The area chosen for analyzing the UHIs effect is
the Mirafiori complex in Turin, Italy. The company named Torino Nuova Economia S.p.A.
(TNE) was established by local authorities to redevelop this disused industrial area, originally a
Fiat factory inaugurated in 1939. Following the Memorandum of Understanding with Fiat in 2005,
TNE has facilitated the reindustrialization of the area, attracted private companies and launched
initiatives like the 2015 international competition of ideas for urban redevelopment. The Mirafiori
complex, now part of Stellantis, spans 2,000,000 m2 and employs around 18,000 people, producing

vehicles such as the Fiat 500e and Maserati models.

Beyond manufacturing, the complex includes various facilities: the Motor Village showroom, the
Heritage Hub Museum, the FCA® Bank headquarters, and the Citadel of Design and Sustainable
Mobility, a center for research in sustainable transportation. These developments have turned

Mirafiori into a hub for innovation and sustainable development, making it an ideal case study for

° Fiat Chrysler Automobiles
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examining the UHIs effect in a post-industrial context. The revitalization efforts and diverse

functions of the area provide a rich context for this analysis.

Turin

Figure 22: The selected area in Mirafiori Sud, Turin.
Figure 23 shows the Land Surface Temperature (LST) distribution in the Mirafiori Sud area of
Turin, highlighting temperature variations from cooler blue zones (below 17°C) to hotter red zones
(above 35°C). This map, derived using the Split-Window Algorithm and satellite data, indicates
significant UHI effects in areas with dense infrastructure and minimal vegetation. The selection of
Mirafiori Sud for detailed study is based on these marked temperature differences and the area’s

suitability for potential urban interventions to mitigate UHI impacts.
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Figure 23: The Mirafiori sud area selected with temperature more than 25 and in some spot more than 35.

5.2 In-depth analysis with Dragonfly

After identifying potential UHIs zones using remote sensing data from Google Earth Engine, a

more detailed analysis will be conducted using the Dragonfly plugin within the Rhino software.

Geometric data for the selected areas in Turin will be imported into Dragonfly to construct a three-
dimensional (3D) model of the city. The geometric data was manually gathered by the author using
measurements from Google Earth and from site. This 3D model will serve as the foundation for

integrating various parameters that affect UHI formation, including:

e Building heights (Sourced from Google Earth measurements and verified through site
observations.)
e Land cover characteristics (e.g., vegetation, surface albedo)

e Anthropogenic heat sources (e.g., traffic, industrial activity also from)
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Land cover characteristics and anthropogenic heat sources were chosen based on site observations

and guided ranges provided by Dragonfly.

More detailed data on the amounts and characteristics of these parameters are provided in Section

3.2.3, "UHIs Analysis Data."

By incorporating these parameters into the 3D model, Dragonfly will simulate microclimatic
conditions across Turin and generate a modified EPW file. This modified EPW file includes
detailed weather data such as temperature, humidity, solar radiation, wind speed, and other relevant
climate variables shown in Figure 24. The generated EPW file reflects the unique microclimatic
characteristics of the urban area, which can then be compared to the original EPW file typically
sourced from outside the city or at higher altitudes. This comparison allows for a comprehensive
assessment of how urban features, such as building density and surface materials, influence local

weather conditions, contributing to UHI formation.
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Figure 24: EPW file extracted parameters
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5.2.1 Modelling and parameterization of selected region

The first step involved creating a simplified 3D model of the area using Rhino software. Shown in

Figure 25.

Figure 25: Rhino modeling of selected area in Turin

Then, in the Grasshopper environment, a parametric algorithm was written with using component
of the Dragonfly and build-in Grasshopper component to simulate the UHIs effect. The

grasshopper environment is shown in Figure 26, each part of algorithm will be discussed afterward.
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Figure 26: Grasshopper algorithm setup for UHI analysis in Rhino environment.
In Figure 27, several key parameters used in the analysis are displayed. These include traffic
parameters such as sensible heat (Sailor, 2011b) and weekly schedules, vegetation parameters like
albedo and latent heat for trees and grass (Taha, 1997), and pavement parameters including albedo,
thickness, conductivity, and volumetric heat capacity (Sreedhar & Biligiri, 2016). These

parameters are essential for modeling the UHIs effect in the Grasshopper environment.
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Figure 27: traffic Vegetation and pavement parameter
Figure 28 illustrates a parametric workflow for simulating urban environmental conditions using
the Dragonfly and Ladybug plugins. The purple group sliders adjust parameters like roof albedo
and the percentage of roof vegetation coverage for each building typology on the site, feeding into
the DF City component. Trees, grasses, and terrain are provided as surface inputs, while traffic,
vegetation, and pavement parameters Figure 27 are also connected. Once all parameters are
inputted into the DF City component, it generates the urban model, which is fed into the DF Run
Urban Weather Generator. The Rural weather data is then used to create a modified urban EPW
file, incorporating UHI effects. This urban EPW file is essential for calculating and comparing

KPIs against the baseline rural data.
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This workflow is executed three times for each climate period (current, 2050, and 2080) generating
a total of six EPW files. These files allow for a detailed comparison of the scenarios and their

parameters.

Figure 28: main parameter of dragonfly

Figure 29 illustrates the process of extracting and averaging monthly temperature data for both
urban and rural environments, using Ladybug tools. In the upper section, the EPW file (which
contains rural climate data without UHI) is imported into Ladybug. The data includes parameters
such as temperature, humidity, wind speed, and radiation. The "Ladybug Average Data"
component processes this data by averaging it over the selected analysis period (monthly). The
exploded tree structure separates the monthly temperature values for each month, and the
arithmetic mean is calculated to derive the annual average temperature without UHI effects. In the

lower section, the same process is repeated for urban data (with UHI effects).
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Figure 29: averaged monthly temperature data extraction for Urban and Rual

In Figure 30, the workflow creates a graph comparing December temperatures with and without
UHI effects using EPW files for rural and urban conditions. Data is processed in Ladybug and
visualized in a bar chart to highlight UHI impact. This process is also repeated for July. In this
thesis, the results for July are presented, while the Grasshopper file with both month analyses is

provided in Appendix 2.
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Figure 30: providing graph for UHI effect In December
Workflow in Figure 31 calculates HDD and CDD with and without UHI effects by comparing
EPW files for rural and urban conditions. Ladybug components process dry bulb temperature data
to compute hourly heat and cool loads, providing insights into how UHI impacts energy demand

for heating and cooling.

Figure 31: HDD and CDD extraction from EPW file for Urban EPW (down) and Rural EPW (up)
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In Figure 32, the workflow creates UTCI data using an EPW file. Ladybug components import
environmental data, including temperature, wind, and radiation, and compute solar radiation and
Mean Radiant Temperature (MRT). This processed data is then used to calculate UTCI values,
offering insights into outdoor comfort levels across different time intervals. The output includes
monthly UTCI values for both rural and urban scenarios, which can be averaged and compared for

further analysis.

‘‘‘‘‘‘

D § DU

Figure 32: creating UTCI data based on EPW file
In Figure 33, the workflow illustrates the calculation of UHI intensity based on UTCI values for
four specific defined periods: summer day, summer night, winter day, and winter night. It subtracts
the rural (R) UTCI values from the urban (U) UTCI values for each period, producing UHI
intensity results for each time frame. These values help quantify the difference in thermal comfort

between rural and urban areas, indicating how UHI impacts different times of the day and seasons.
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Figure 33:calculation UHI intensity for defined 4 time period based on UTCI value
Figure 34 shows a Grasshopper algorithm designed to extract data for specific time periods from
hourly data inputs. It defines four distinct periods. Using conditional filters, the algorithm
processes hourly data based on the defined time frames and calculates the average values for each

period. These values are then used to determine metrics like UTCI and temperature.

R Ry

Figure 34: grasshopper algorithm for creating data for defined time period from hourly data
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5.2.2 Future weather data generation

To analyze the potential future impacts of climate change on UHIs intensity in Turin, future
weather data is required. In this research, the future weather data is generated using

CCWorldWeatherGen tools, which are open-source Excel files available to the public for the

world. These tools generate future climate scenarios based on a baseline file of current weather

data (Jentsch et al., 2013).

The weather data is formatted in the EPW (EnergyPlus Weather) format, as this is the required
format for the Dragonfly plugin, which is used for UHI detection. Climate change projections are
incorporated into the methodology to create representative climate scenarios for Turin for different
future periods, specifically the years 2050 and 2080, based on the HadCM3 A2 experiment

ensemble.

The generated future climate data will be incorporated into Dragonfly simulations to evaluate how
UHIs might develop under different climate conditions. The subsequent sections will present the
results of this future UHI analysis in comparison to the current scenario, with a specific emphasis
on the month of July, which is typically the hottest month. This focus aims to identify potential

heatwave events and their implications under future climate scenarios.

5.3 UHIs analysis result

Based on the groundwork laid in sections 5.2.1 and 5.2.2, which covered the creation of the 3D
model, integration with Grasshopper, and inclusion of current and future weather data, the setup

is now ready, allowing the simulations to be performed.
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It is worth mentioning that the temperatures discussed are averaged values derived from the 3D
model simulations using the EPW file. These values are based on hourly simulations, and the

results are summarized as daily and monthly averages of these hourly data points. Following are

the results of simulations.

5.3.1 Current UHIs analysis result

The annual UHIs effect is clearly illustrated in Figure 35. This figure shows the average daily
temperatures for rural and urban areas throughout the year. The data reveals noticeable differences
between rural and urban temperatures, with urban areas consistently displaying higher average

temperatures, particularly during warmer months. This highlights the presence of the UHI effect

in the current climate scenario.
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Figure 35: Annual Average Daily Temperatures for Rural and Urban Areas
In the current scenario, the temperature difference between urban and rural areas ranges from
1.1°C to 2.3°C, with an average difference of 1.7°C. This variation is evident in both Table 8 and
Figure 36, which highlight the monthly average temperatures for urban and rural settings.
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Table 8: Monthly Average Temperatures for Urban and Rural with Temperature Differences

Monthly Average tempreture
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Figure 36: Monthly Average Temperatures for Urban and Rural
To provide a more precise analysis, July has been chosen as the critical month for detailed
examination. In the rural weather file, before accounting for the UHI effect, the heat map displays

July's rural dry bulb temperatures, which peak in the afternoon and evening. Temperatures range
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from below 22°C to above 30°C, with significant fluctuations observed throughout the month (see

Figure 37).
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Figure 37: July hourly rural dry bulb temperature
The corresponding heat map after accounting for the UHI effect is shown in Figure 38. This figure

demonstrates the impact of urbanization on temperature profiles.
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Figure 38: July hourly rural dry bulb temperature

For better comparison, the Figure 39 shows the difference between July temperatures before and
after considering the UHI effect. Urban temperatures exhibit similar daily patterns but show higher
overall temperatures and more pronounced evening peaks compared to rural areas, highlighting
the UHIs effect. The urban temperature pattern also demonstrates less amplitude variation

throughout the day, even though the maximum temperatures reached are nearly the same for both
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urban and rural areas. This reduced temperature oscillation in urban environments is attributed to
the higher heat capacity of urban materials, which store and slowly release heat, thereby

moderating temperature fluctuations and sustaining higher temperatures during the evening.
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Figure 39: July temperatures showing UHI effect

5.3.2 2050 UHIs analysis result

To provide a comprehensive comparison with the current situation, the color legend used in the

following figures remains consistent with previous sections.

Figure 40 illustrates the hourly rural dry bulb temperature for July in the year 2050. As observed,
there is a notable increase in the average temperatures compared to the present day, with higher
peaks during the afternoon and a more extended duration of elevated temperatures throughout the

day and night.
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Figure 40: July hourly rural dry bulb temperature for 2050
Figure 41 displays the hourly urban dry bulb temperature for July in 2080. The urban temperatures
are significantly higher than rural temperatures, particularly during the evening and nighttime
hours, further emphasizing the intensification of the UHIs effect in urban areas. The data suggests
a stronger and more prolonged heat retention in urban environments due to climate change impacts.
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Figure 41: July hourly urban dry bulb temperature for 2050

Figure 42 presents the UHI effect for July in 2050. The graph clearly demonstrates that urban
temperatures (represented by the red line) are consistently higher than rural temperatures
(represented by the blue line) throughout the day, with the most pronounced differences occurring

during peak afternoon and evening hours. This indicates an amplified UHI effect in the future
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climate scenario for 2050, highlighting the growing challenge of managing urban heat in a

warming climate.
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Figure 42: July 2050 UHI effect

These figures underline the potential escalation of urban heat challenges in the future and the
necessity for adaptive urban planning and climate mitigation strategies to address the heightened

UHI effects projected for 2050.

5.3.3 2080 UHIs analysis result

The 2080 analysis reveals a further intensification of the UHIs effect compared to both the current
and 2050 scenarios. Maintaining the same color legend for consistency, the results show a

noticeable rise in average temperatures throughout July, especially during peak daytime hours.

In rural areas, there is a marked increase in average temperatures, with a more extended duration

of higher temperatures into the late afternoon. Urban areas, however, show even more significant
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temperature elevations, with prolonged periods of heat extending into the evening. This reflects a
worsening UHI effect, where urban environments retain heat much longer (See Figure 43 till

Figure 45).
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Figure 43: July hourly rural dry bulb temperature for 2080
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Figure 44: July hourly urban dry bulb temperature for 2080
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Figure 45: July 2080 UHI effect
Furthermore, there are several instances where maximum temperatures surpass 30°C for three
consecutive days, meeting the Italian Alert System's definition of a heatwave (Lo Scalzo et al.,
2009). This increase in heatwave days presents a substantial health risk, particularly for vulnerable

populations without access to adequate cooling solutions.

5.3.4 Comparison of current and future UHI effects in defined KPIs

Figure 46 presents a comparative analysis of July urban temperatures for the current period, 2050,
and 2080 which presented before. The figure uses the same temperature scale and legend across
all three graphs to illustrate the projected rise in temperatures over time. The comparison highlights
a significant increase in temperature levels in future scenarios, with notable warming observed,

especially during evening and nighttime hours.
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Figure 46:July urban temperature graph for current, 2050 and 2080 arranged from top to bottom
The analysis indicates that UHIs effects are expected to become more severe from the current
period to 2050 and further into 2080. As shown in Figure 47, the UHI effect intensifies over time,

increasing progressively from the current period to 2050, and even more so by 2080. This figure
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highlights a clear trend of rising temperatures, especially during the summer months, reflecting the

growing heat retention in urban areas (Values in the figure are hourly averaged throughout month).

These findings underscore the urgent need for effective strategies to manage the increasing heat

stress in urban environments, as the data points to a future with more extreme UHI effects if no

mitigation measures are implemented.
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Figure 47: Comparison of UHI effects (Urban) for current, 2050, and 2080 periods.
Figure 48 provides a detailed comparison of average monthly temperatures for both rural and urban
areas for current and 2080. It illustrates that while temperatures rise in both environments, urban
areas experience a significantly more pronounced increase. The gap between rural and urban

temperatures widens over time, emphasizing the intensifying impact of urbanization and climate

change on heat exposure.
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Figure 48: Average monthly temperatures for rural and urban areas in the current, 2050, and 2080 periods.
According to the results gathered in Table 9, the average annual temperature in Turin's rural areas
is projected to reach 16.4°C by 2080, representing a 19.86% increase from the current average of

13.8°C. In urban areas, the average annual temperature is expected to rise to 18.38°C by 2080,

which marks a 26.99% increase from the current average of 14.47°C.

Table 9: Projected Average Annual Temperatures in Turin (°C)

Area Current 2050 2080
Urban 14.47°C 16.40°C (+13.35%) 18.38°C (+26.99%)
Rural 13.80°C 14.69°C (+6.45%) 16.54°C (+19.86%)

As mentioned in the KPIs section, parameters such as UTCI, UHI Intensity, HDD, and CDD wiill

be analyzed and compared following the implementation of UHI reduction scenarios.
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5.34.1 UTCI

The UTCI is a comprehensive measure of perceived temperature, factoring in humidity, wind
speed, and radiation, offering a more realistic "feels-like" temperature compared to standard air

temperature readings.

To compare the annual UTCI with average temperatures, Figure 49 illustrates the changes over
time for both rural and urban areas. The UTCI, which represents the 'real feel' of temperature, is
consistently higher on average than the actual temperatures. This indicates that perceived heat will
be more intense in both rural and urban areas, with both UTCI and temperatures projected to
increase from the current period to 2050 and 2080. The table also reflects the percentage of growth
compared to the current situation. This increase is noticeable for both UTCI and actual
temperatures. In rural areas, average temperatures are expected to increase by 6.4% by 2050 and
8.5% by 2080. Urban temperatures are projected to grow by 13.3% by 2080, further emphasizing

the impact of UHIs.

As mentioned, the UTCI is designed to capture the "real feel" temperature, which makes it
inherently more responsive to changes in both meteorological conditions and human thermal
comfort. For example, a rise in temperature combined with high humidity levels can significantly

affect UTCI, even if the actual temperature change is modest.

In scenarios where heatwaves become more frequent or prolonged (as projected for 2050 and

2080), the UTCI will reflect these changes more dramatically than standard temperature metrics.
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Figure 49: Projected Changes in Annual UTCI and Average Temperatures for Rural and Urban Areas in Turin
(Current, 2050, 2080)

As discussed earlier, this study will compare UTCI across four periods:

e Mean summer daytime air temperature UHI
e Mean summer nighttime air temperature UHI
e Mean winter daytime air temperature UHI

e Mean winter nighttime air temperature UHI

This is because during summer daytime, the UHI effect amplifies heat stress due to high solar
radiation, while nighttime analysis reveals the persistence of elevated temperatures in urban areas,
impacting recovery from daytime heat. Winter daytime and nighttime comparisons are crucial for

understanding how UHI modifies cold stress and overall energy demands in urban settings.

The results for the current situation of the site are provided in Figure 50 and Figure 51.
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Figure 51: The percentage of increase in UTCI in different time of year for Urban and Rural for 2050 and 2080

Summer Day and Night: Both rural and urban areas show a clear increase in UTCI values from

the present day to 2050 and 2080. The rise is more significant in urban areas due to the Urban Heat
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Island (UHI) effect, with night-time temperatures showing notable growth. This indicates

increasing thermal discomfort, particularly in cities, where the warming effect is amplified.

Winter Day and Night: Although winter UTCI values are lower than summer, the projected
increases by 2050 and 2080 are still substantial. Urban areas, in particular, will experience
dramatic increases in winter day and night UTCI, signaling that even the coldest periods will

become warmer. This trend points to a clear warming effect throughout the year.

Urban vs. Rural: Urban areas show consistently higher UTCI values compared to rural areas
across all seasons. For example, urban summer day UTCI is expected to increase by over 30% by
2080, while rural areas will see a rise of around 24%. Similarly, urban winter UTCI will experience
much sharper growth, with up to 130% increases, compared to more moderate rises in rural areas.
This indicates that urban environments will face heightened thermal stress, particularly in summer

and winter, necessitating focused mitigation strategies.

5.3.4.2 UHI Intensity
In this section, the difference between the rural and urban UTCI values will be calculated for

selected time periods. See Figure 52.

106



smner dy -
summer night ‘ W current
m 2050
m 2080
Winter day 1
Winter night -

Figure 52: Projected UHI Intensity Differences Between Rural and Urban Areas Across Seasons and Time of Day
(Current, 2050, 2080)

The data reveals that the UHI effect is most pronounced during the summer, particularly during
the day, and this intensity is expected to increase significantly by 2080. Conversely, in winter,
urban areas tend to be cooler than rural ones, with minimal changes projected over time. This
occurs due to reduced solar radiation in winter, which lowers the heat retention effectiveness of
urban materials like concrete and asphalt. In rural areas, snow or frost cover can reflect sunlight
and maintain lower temperatures. Consequently, the temperature difference between urban and
rural areas is less pronounced in winter, as the typical heat-retaining properties of urban

environments are not as impactful under these conditions.

5.3.4.3 HDD and CDD

The analysis for Turin indicates a general warming trend, resulting in a decrease in HDD and an
increase in CDD from contemporary times to the years 2050 and 2080 (Figure 53). This trend is

more pronounced in urban areas due to the UHIs effect, where urban areas consistently show lower
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HDD and higher CDD compared to rural areas, suggesting warmer conditions year-round.
Specifically, HDD with UHI is projected to decrease by approximately 14.4% from current levels
to 2080, while CDD with UHI is expected to increase by around 352% over the same period. As a
result, Turin will experience a shift in energy demand from heating to cooling, particularly in urban

environments, impacting future building designs, HVAC systems, and energy policies.
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Figure 53:Projected Changes in Heating and Cooling Degree Days (HDD and CDD) for Rural and Urban Areas
with UHI Effect (Current, 2050, 2080)

5.4 Conclusion

This chapter explores the phenomenon of UHIs in Turin, employing remote sensing and advanced

3D modeling techniques to pinpoint and analyze areas most susceptible to elevated temperatures.

10 Heating, Ventilation, and Air Conditioning
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Utilizing data from Google Earth Engine and Dragonfly within the Rhino environment, the study
effectively maps land surface temperatures (LST) and simulates microclimatic conditions to gain
insights into UHI dynamics. The findings reveal significant heat retention in urban cores and
industrial zones, particularly in areas like the Mirafiori complex, underscoring the importance of

targeted mitigation strategies.

Simulations project an increase in UHI intensity, with urban temperatures consistently surpassing
rural ones. The study forecasts a rise in CDD and a decrease in HDD by 2050 and 2080, indicating
a shift towards greater cooling needs in urban environments due to intensifying heat retention.
These trends highlight the growing challenge of managing heat stress and energy demand in cities

as climate change progresses.

The results emphasize the urgent need for sustainable urban planning and effective UHI mitigation
measures, such as increasing vegetation, utilizing reflective materials, and optimizing urban design

to enhance airflow, ultimately aiming to create more resilient and livable urban environments.
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6 Assessing mitigation strategies

6.1 Development of mitigation scenarios

Building upon the findings from previous chapters, this section explores targeted strategies to
mitigate UHI effects in Turin. The focus is on practical approaches that leverage both

environmental and material modifications to enhance urban resilience.

While many more strategies can be implemented in real life, the strategies presented here are
developed considering software limitations and capabilities. The proposed mitigation strategies

focus on three main approaches:

e Material and albedo modifications: Implementing surfaces with high reflectivity to
reduce heat absorption.

e Green space development: Increasing vegetation coverage to provide cooling effects
through shade and evapotranspiration.

e Combination strategies: Integrating multiple approaches to maximize cooling potential

and urban resilience.

These scenarios are evaluated using the previously defined KPIs (UTCI, UHI intensity, HDD, and
CDD). Following the development of these potential mitigation strategies, Dragonfly will be used
to simulate various UHI mitigation scenarios for Turin. These simulations will enable a
comparison of the effectiveness of different strategies in mitigating UHIs and enhancing thermal

comfort within the city. These scenarios are represented in Figure 54.
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It should be noted that these parameters change by adjusting their value or percentage in Dragonfly,

not by modifying the 3D model itself. For example, it can be specified that 50% of the roof is

vegetation or 90%, as discussed in Section 5.2.1 and shown in Figure 28.
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Scenario 1
* Current Urban Climate with and without UHI Effect (urban vs rural)

Scenario 2

* Impact of Vegetation on Urban Climate

* nvestigates 90% vegetation on roofs, grass on 90% ground, trees around
buildings for urban cooling.

Scenario 3

* Impact of High Albedo Surfaces on Urban Climate

» Examines 90% high albedo surfaces on roofs and pavements to reduce
heat retention across time projections.

Scenario 4

» Mixed Strategy 01 - Vegetation and Albedo Combination

» Combines 90% roof vegetation with high albedo surfaces, grass-covered
ground, and surrounding trees.

Scenario 5

» Mixed Strategy 02 - Alternative Vegetation and Albedo Combination

* Assesses 50% roof vegetation, other surfaces with 90% high albedo,
grass-covered ground, and trees.

Figure 54: defining 5 main scenarios for comparison
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6.2 Result of analysis

6.2.1 Scenario 1

This is a foundational scenario that was introduced in detail in Chapter Five. It serves as a basis

for comparison with other scenarios presented in this chapter (Table 10 and Table 11).

As discussed before the results show that both UTCI and Temp increase from contemporary levels
to 2050 and 2080 in rural and urban contexts, indicating rising temperatures. In urban settings,
UTCI values are higher for Summer Day and Night compared to rural areas, reflecting the
influence of UHI effects. HDD values decrease over time, while CDD values rise, pointing to a
growing need for cooling in both environments. These trends emphasize the significance of
addressing UHI effects in urban planning to improve thermal comfort and manage future cooling

demands effectively.

Table 10: scenario 1 Rural data

KPIs Current 2050 2080

UTCI Annual [°C] 14.46 16.56 (+14.52%) 18.54 (+28.22%)

Temp Annual[°C] 13.8 14.64 (+6.09%) 16.54 (+19.86%)

UTCI Summer Day[°C] 24.43 27.36 (+11.99%) 30.18 (+23.54%)

UTCI Summer Night[°C] 22.48 24.61 (+9.48%) 27.09 (+20.51%)

UTCI Winter Day[°C] 5.45 6.91 (+26.79%) 8.44 (+54.86%)

UTCI Winter Night[°C] 3.62 4.66 (+28.73%) 6.14 (+69.61%)
Heating Degree-Days [°C-days] 2115.75 2077.65 (+-1.80%)  1738.24 (+-17.84%)
Cooling Degree-Days[°C-days] 143.49 345.93 (+141.08%)  578.56 (+303.21%)

Table 11: scenario 1 Urban data

KPIs Current 2050 2080
UTCI Annual [°C] ‘ 14.97 17.44 (+16.50%) 19.54 (+30.53%)
Temp Annual[°C] ‘ 14.47 16.41 (+13.41%) 18.38 (+27.02%)
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UTCI Summer Day[°C] 25.7 30.75 (+19.65%) 34.01 (+32.33%)
UTCI Summer Night[°C] 23.77 26.3 (+10.64%) 29.13 (+22.55%)
UTCI Winter Day[°C] 3.01 5.41 (+79.73%) 6.92 (+129.90%)
UTCI Winter Night[°C] 2.12 2.76 (+30.19%) 4.27 (+101.42%)
Heating Degree-Days [°C-days] 1943.38 1662.68 (+-14.44%)  1355.03 (+-30.27%)
Cooling Degree-Days[°C-days] 169.69 468.45 (+176.06%) 766.6 (+351.76%)
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Figure 55: UHI Intensity for current situation of site

Figure 55 shows increasing urban-rural temperature differences in Turin, especially in summer,
due to the UHIs effect, with a peak by 2080. In winter, the temperature differences decrease,

indicating a reduced UHI effect during colder months.

6.2.2 Scenario 2

Scenario 2 introduces vegetation on 90% of roofs and surrounding factory areas to study its effect

on urban climate and thermal comfort, while keeping albedo constant. Compared to Scenario 1,
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Scenario 2 shows slightly lower UTCI Annual and Temp Annual values by 2080, suggesting a
modest reduction in overall thermal stress due to increased vegetation. However, UTCI Summer
Day and Night values in Scenario 2 are like Scenario 1, indicating comparable heat stress levels
during the warmer months (Table 12). UHI Intensity is slightly lower in Scenario 2, reflecting
reduced UHI effects from enhanced vegetation. Additionally, Scenario 2 presents slightly higher
CDD and lower HDD, pointing to increased cooling needs and reduced heating requirements,

emphasizing the effectiveness of vegetation in mitigating UHI effects and enhancing urban thermal

comfort (Figure 56).
Table 12: Simulation Results for Scenario 2
KPIs Current 2050 2080

UTCI Annual [°C] 14.94 17.41 (+16.53%) 19.5 (+30.52%)

Temp Annual[°C] 14.43 16.36 (+13.37%) 18.34 (+27.10%)

UTCI Summer Day[°C] 25.59 30.62 (+19.66%) 33.87 (+32.36%)

UTCI Summer Night[°C] 23.77 26.3 (+10.64%) 29.13 (+22.55%)

UTCI Winter Day[°C] 2.94 5.35 (+81.97%) 6.85 (+132.99%)

UTCI Winter Night[°C] 2.1 2.75 (+30.95%) 4.26 (+102.86%)
Heating Degree-Days [°C-days] 1950.48 1668.53 (+-14.46%)  1359.77 (+-30.29%)
Cooling Degree-Days[°C-days] 165.05 460.45 (+178.98%) 757.27 (+358.81%)

Figure 56 indicates a significant rise in summer temperatures by 2050 and 2080, with day
temperatures increasing from 1.16°C to 3.69°C. Winter temperatures show a slight warming trend,
reducing the cooling effect. Overall, future projections suggest more extreme summer heat

compared to milder winter changes.
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Figure 56: UHI intensity for scenario 2

6.2.3 Scenario 3

Scenario 3 explores the effects of using high albedo (reflective) surfaces on 90% of roofs and 70%
of pavements, without incorporating vegetation. It shows similar trends to Scenario 1, with slight
reductions in UTCI and CDD, suggesting some mitigation of UHI effects. However, its impact is
less pronounced compared to Scenario 2, which combines high albedo surfaces with extensive
vegetation. While Scenario 3 achieves some improvement in reducing heat stress, it is less
effective than Scenario 2 in enhancing urban thermal comfort due to the absence of vegetation's

cooling benefits (Table 13 and Figure 57).

Table 13: Simulation Results for Scenario 3

KPIs Current 2050 2080
UTCI Annual [°C] 14.95 17.42 (+16.52%) 19.52 (+30.57%)
Temp Annual[°C] 14.45 16.38 (+13.36%) 18.35 (+26.99%)
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UTCI Summer Day[°C] 25.62 30.66 (+19.67%) 33.91 (+32.36%)

UTCI Summer Night[°C] 23.78 26.31 (+10.64%) 29.14 (+22.54%)
UTCI Winter Day[°C] 2.96 5.34 (+80.41%) 6.85 (+131.42%)
UTCI Winter Night[°C] 2.12 2.75 (+29.72%) 4.27 (+101.42%)

Heating Degree-Days [°C-days] 1947.49 1666.58 (+-14.42%)  1358.6 (+-30.24%)
Cooling Degree-Days[°C-days] 167.43 464.77 (+177.59%)  762.17 (+355.22%)
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Figure 57: UHI intensity for scenario 3

6.2.4 Scenario 4

Scenario 4 features a multi-faceted approach to mitigate UHIs effects. It includes 90% of roofs
covered with vegetation for enhanced insulation and reduced heat gain, while the remaining roofs
have a high-reflective coating with an albedo of 90%. Additionally, 90% of the ground is covered
with grass, and trees are strategically planted around buildings for shade. High-albedo materials
are also used for asphalt (albedo 0.7) and roofs (albedo 0.9), effectively reflecting sunlight and

minimizing heat absorption.

116



Compared to Scenario 3, which only uses reflective surfaces, Scenario 4's integration of vegetation
leads to more significant reductions in UTCI and CDD (Table 14 and Figure 58). This approach

offers enhanced insulation and cooling, resulting in greater mitigation of UHI effects and improved

urban thermal comfort.

Table 14: Simulation Results for Scenario 4

KPIs Current 2050 2080

UTCI Annual [°C] 14.946 17.414 (+16.51%) 19.509 (+30.53%)

Temp Annual[°C] 14.44 16.37 (+13.37%) 18.343 (+27.03%)

UTCI Summer Day[°C] 25.575 30.602 (+19.66%) 33.851 (+32.36%)

UTCI Summer Night[°C] 23.789 26.313 (+10.61%) 29.137 (+22.48%)

UTCI Winter Day[°C] 2.942 5.33 (+81.17%) 6.831 (+132.19%)

UTCI Winter Night[°C] 2.105 2.761 (+31.16%) 4.275 (+103.09%)
Heating Degree-Days [°C-days] 1948.329 1667.158 (+-14.43%)  1358.471 (+-30.28%)
Cooling Degree-Days[°C-days] 165.754 461.55 (+178.45%) 758.525 (+357.62%)
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Figure 58: UHI intensity for scenario 4
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6.2.5 Scenario 5

Scenario 5 evaluates a mixed urban cooling strategy featuring 50% roof vegetation and high-
albedo materials (90% reflectivity). Ground surfaces are covered with grass, and trees are planted
around buildings. This approach effectively reduces summer heat, achieving slightly lower
temperatures during summer days (33.83°C) and nights (29.12°C) in 2080 (Table 15). It balances
cooling impacts, mitigates the UHIs effect, and enhances thermal comfort. Practical for urban
implementation, it provides long-term benefits in managing temperatures and improving climate

resilience.

Also based on Figure 59, The most significant difference in Scenario 5 lies in its adaptability across
different seasons. Whereas other scenarios exhibit stronger impacts either in summer or winter,
Scenario 5 offers a more balanced solution across both seasons, providing substantial cooling in

summer without overcooling in winter.

Table 15: Simulation Results for Scenario 5

KPIs Current 2050 2080

UTCI Annual [°C] 14.939 17.404 (+16.50%) 19.498 (+30.52%)

Temp Annual[°C] 14.429 16.355 (+13.35%) 18.328 (+27.02%)

UTCI Summer Day[°C] 25.555 30.579 (+19.66%) 33.827 (+32.37%)

UTCI Summer Night[°C] 23.775 26.295 (+10.60%) 29.118 (+22.47%)

UTCI Winter Day[°C] 2.942 5.324 (+80.97%) 6.818 (+131.75%)

UTCI Winter Night[°C] 2.108 2.747 (+30.31%) 4.261 (+102.13%)
Heating Degree-Days [°C-days] 1950.438  1669.575 (+-14.40%) 1360.704 (+-30.24%)
Cooling Degree-Days[°C-days] 164.9 459.5 (+178.65%) 756.108 (+358.53%)
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Figure 59: UHI intensity for scenario 5

6.3 Compare and define best scenario

The Table 16 compares scenarios across current, 2050, and 2080, focusing on UTCI, CDD, and
HDD. Scenario 5 consistently performs best, with the lowest UTCI and CDD values in all
periods, indicating it effectively minimizes cooling needs and enhances urban heat mitigation. In
the current period, Scenario 5 shows a lower cooling demand but a higher heating requirement. By
2050 and 2080, it maintains its effectiveness with reduced cooling needs, despite a gradual
decrease in heating demand. Overall, Scenario 5 is the most balanced and effective strategy for
reducing both heating and cooling requirements, optimizing urban resilience to future climate

conditions.

Table 16: Comparative Analysis of UHI Mitigation Scenarios for Current, 2050, and 2080 — Evaluating UTCI,
CDD, and HDD
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current

UTCI

Temp

UTCl

2050

2080

summer day
Annual (°C) | Annual (°C)
0

25.59
14.95 14.45 25.62
14.95 14.44 25.58
17.41 16.36 30.62
17.42 16.38 30.66
17.41 16.37 30.60
19.50 18.33 33.87
19.52 18.35 33.91
1951 18.34 33.85

UTClI
summer
night (°C)

23.78

23.78
26.30

29.13
29.12

UTCI UTCI
Winter Winter CDD(°C-day) HDD(°C-day)
day(°C) night(°C)
1943.38
1950.48
2.96 167.43 1947.49
2.94 2.11 165.75 1948.33
2.94 2.11 1950.44
2.76 1662.68
5.35 2.75 460.45 1668.53
5.34 2.75 464.77 1666.58
5.33 461.55 1667.16
1669.58
4.27 1355.03
6.85 757.27 1359.77
6.85 4.27 762.17 1358.60
6.83 758.53 1358.47
1360.70

Overall, the Figure 60 suggests a warming trend from the "current” period through "2050" and into

"2080." As time progresses, the demand for cooling (represented by CDD) increases significantly,

while the demand for heating (represented by HDD) decreases. This reflects a shift towards a

warmer climate scenario, where cooling becomes more critical than heating. The optimal scenario

is determined based on the 2080 data, which offers a future-oriented perspective. This remains

consistent even when considering the 2050 scenario.
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Figure 60: HDD and CDD over time
In 2080, to highlight the changes in CDD and HDD, the data indicates a decrease in HDD by
approximately 36% from the current scenario to 2080, reflecting a reduced need for heating.
Conversely, CDD increases by about 430%, signifying a substantial rise in cooling demand. This
sharp increase in CDD emphasizes the need to prioritize strategies for managing future urban heat

stress during summer months (Figure 61).

To explain the performance differences, Scenario 2 (extensive vegetation) shows better cooling
compared to Scenarios 3 and 4 due to its effective use of shade and evapotranspiration, which
actively lowers ambient temperatures. Scenario 3's reliance on high albedo surfaces reflects heat
but doesn’t cool the air as effectively, while Scenario 4’s mixed approach balances both strategies,
resulting in moderate performance. Scenario 5, which combines 50% vegetation with high albedo
surfaces, shows a balanced outcome but doesn't reach the cooling efficiency of full vegetation

(Scenario 2) due to reduced evapotranspiration benefits (Figure 61).
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Figure 61: HDD and CDD in 2080
From a temperature perspective, it is better to consider the UTCI, especially on summer days.

Scenarios 4 and 5 show better performance under these conditions (Figure 62).
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Figure 62: UTCI in summer day comparison
Table 17 presents the UHI intensity across various scenarios for summer and winter days and
nights. Scenario 1 exhibits the highest UHI intensity during summer days by 2080, indicating
significant urban heat accumulation. In contrast, Scenario 2 demonstrates a slight reduction in UHI
intensity due to increased vegetation. Scenarios 3 and 4 show similar trends, with minor variations

in UHI intensity, while Scenario 5 provides a balanced approach with relatively lower summer

122



night UHI intensity by 2080. Winter UHI intensities are generally negative across all scenarios,
reflecting a cooling effect, with Scenario 5 showing the most significant reduction in winter
daytime UHI intensity by 2080. These variations emphasize the different impacts of each

mitigation strategy on urban thermal comfort and UHI effects.

Table 17: UHI intensity across all scenarios

scenarios summer day sur'nmer Winter day | Winter night
night

current 1.276 1.283 -2.439 -1.502

1 2050 3.389 1.696 -1.501 -1.902
2080 3.839 2.040 -1.518 -1.875

current 1.160 1.290 -2.510 -1.520

2 2050 3.250 1.690 -1.560 -1.910
2080 3.690 2.030 -1.590 -1.880

current 1.190 1.300 -2.490 -1.500

3 2050 3.290 1.700 -1.570 -1.910
2080 3.740 2.050 -1.590 -1.870

current 1.149 1.305 -2.511 -1.517

4 2050 3.240 1.704 -1.579 -1.899
2080 3.675 2.046 -1.607 -1.870

current 1.129 1.291 -2.510 -1.513

5 2050 3.216 1.687 -1.584 -1.913
2080 3.651 2.028 -1.619 -1.884

6.3.1 Sensitivity analysis

The chart provided in Figure 63 and Figure 64 demonstrates the sensitivity analysis results,

offering a detailed comparison of the impact of various mitigation scenarios on the primary KPIs
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for the year 2080. The sensitivity analysis highlights how each scenario influences these KPIs,

offering insights into their effectiveness in mitigating urban heat and optimizing thermal comfort.
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Figure 63: Sensitivity analysis of mitigation scenarios: Annual temperature and UTCI reduction for 2080
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Figure 64 Sensitivity analysis of mitigation scenarios: HDD and CDD for 2080

1. Scenario 2 (Vegetation implementation):
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o This scenario significantly improves both Temp Annual and UTCI Annual,
reducing temperatures and thermal discomfort by around 1.2% compared to

Scenario 1.

o CDD drops by approximately 1.3%, reflecting the cooling benefits of vegetation,

while HDD remains almost the same as Scenario 1.

o This makes Scenario 2 an efficient cooling strategy with moderate heating

demands.

2. Scenario 3 (High albedo implementation):

o The use of reflective surfaces shows moderate reductions in UTCI Annual and
Temp Annual compared to Scenario 2 but still falls short of the benefits seen in
full vegetation strategies. The impact is approximately 0.8% better than Scenario

1.

o CDD drops compared to Scenario 1 by around 1.1%, but HDD shows only a

marginal improvement over the vegetation-focused Scenario 2.

3. Scenario 4 (Mixed strategy with vegetation and high albedo):

o Combining vegetation with high albedo shows a balanced performance. The UTCI
Annual improves by 1%, and Temp Annual remains low, almost identical to

Scenario 2.

o CDD is slightly better than Scenario 3 by 0.5%, but HDD performance is still not

as optimal as Scenario 5.

4. Scenario 5 (50% roof vegetation and high albedo surfaces):
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o Scenario 5 performs the best overall, with further reductions in Temp Annual and

UTCI Annual by around 1.7% compared to Scenario 1.

o CDD is reduced by 1.5%, and HDD decreases by 1.2%, reflecting the scenario's

balance in reducing cooling needs and enhancing urban heat mitigation.

These percentages indicate that Scenario 5, which combines both vegetation and high albedo,
provides the best balance in mitigating urban heat stress, optimizing thermal comfort, and

minimizing both cooling and heating needs.

The graphs visually highlight that both Temp Annual and UTCI Annual steadily decrease from
Scenario 1 to Scenario 5, while CDD and HDD follow a similar trend, with CDD showing the

most substantial decrease in Scenario 5.

6.3.2 Design explorer tool result

To facilitate a comprehensive comparison and analysis of different UHI mitigation scenarios, the
Design Explorer website was utilized. In Figure 65 this webpage is shown with its default data just
to represent the tool in website. This tool is particularly useful because it allows for the easy upload
and visualization of CSV data, providing a clear, interactive representation of multiple variables

and outcome.
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Figure 65: Design explorer 2 website homepage with default value
By using Design Explorer, we can effectively compare different scenarios side by side, identifying trends and relationships between
KPIs such as UTCI, UHI intensity, HDD, and CDD (Figure 66). This approach enables a more informed decision-making process,

allowing us to select the most suitable mitigation strategy based on specific data ranges and desired outcomes.
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Figure 66: Design explorer presenting all data of scenarios

With this methodology, we identified the optimal solution by examining the data ranges that best meet our criteria for each scenario, as
illustrated in Figure 67. This figure demonstrates how the selected ranges were used to pinpoint the most effective strategy for urban

heat management.
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Figure 67: selecting range of suitable result to find best solution in design explorer

As it is evident in Figure 67, a lower summer temperature and lower CDD have been selected, making Scenario 5 the optimal choice

based on these criteria
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6.4 Conclusion

In this chapter, we explored various UHIs mitigation strategies tailored to the urban environment
of Turin, examining their effectiveness through simulations for the present and future scenarios
(2050 and 2080). Five mitigation scenarios were assessed, with a focus on different combinations
of high albedo surfaces and vegetation to manage UHI intensity and improve thermal comfort.
Using simulation tools like Dragonfly, we analyzed the performance of each scenario against key
performance indicators (UTCI, UHI intensity, Heating Degree Days (HDD), and Cooling Degree

Days (CDD)).

The findings of this analysis reveal a clear trend of rising temperatures and cooling demands as we
approach 2080. Scenario 1, representing the baseline with no mitigation, demonstrated the highest
temperature increases and UHI intensity, particularly during summer months. Conversely,
Scenario 2, which emphasized extensive vegetation, effectively mitigated UHI effects, providing
significant cooling benefits through increased shading and evapotranspiration. However, its

reliance solely on vegetation limited its impact on annual cooling demands.

Scenarios 3 and 4, focusing on high-albedo surfaces with varying degrees of vegetation, showed
moderate improvements. Scenario 3 reduced heat absorption but was less effective than
vegetation-based strategies in enhancing overall thermal comfort. Scenario 4 offered a more
balanced approach by integrating reflective surfaces and greenery, reducing both summer and

winter UHI effects more effectively than Scenario 3.

Scenario 5 emerged as the most effective mitigation strategy. Its balanced approach—combining
vegetation and high albedo surfaces—showed the greatest reduction in UTCI, CDD, and UHI

intensity. This scenario outperformed the others in managing both current and future thermal
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stresses, offering long-term resilience by significantly lowering cooling demands while
maintaining a relatively moderate heating requirement. Sensitivity analyses further confirmed that
Scenario 5 consistently reduced both temperatures and cooling needs, making it the optimal

strategy for mitigating UHI effects in Turin by 2080.

Overall, this chapter underscores the importance of adopting a multifaceted approach in UHI
mitigation. Scenario 5, with its combination of vegetation and reflective surfaces, presents a robust
and scalable solution for future urban planning. It offers a practical, long-term strategy for
enhancing climate resilience, mitigating UHI intensity, and improving thermal comfort in rapidly

warming urban environments like Turin.
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7 Conclusion

This thesis presents a comprehensive study on the UHIs phenomenon in Turin, Italy, leveraging
advanced geospatial analysis, remote sensing, and 3D modeling techniques. The research aimed
to understand UHI dynamics in Turin, predict future scenarios under different climate conditions,

and propose effective mitigation strategies to enhance urban resilience.
7.1 Summary of key findings

This research employed a structured methodology to meet its objectives. First, areas prone to the
UHI effect were identified through the use of remote sensing data and land surface temperature
analysis. Subsequently, Dragonfly software, integrated with Rhino, was utilized to construct a 3D
urban environment model, simulating UHI effects under various future climate change scenarios.
Finally, the study tested multiple mitigation strategies, including the use of high-albedo surfaces

and increased vegetation coverage, to assess their effectiveness in reducing UHI impacts.

Identification of UHI-Prone Areas: By using remote sensing data from Google Earth Engine,
the study accurately mapped UHI-prone areas in Turin, revealing significant temperature
variations between urban and rural zones.The analysis highlighted that areas with dense
infrastructure and limited vegetation, such as the Mirafiori complex, are more susceptible to higher

temperatures, emphasizing the role of urban morphology in UHI formation.

Impact of Urban Configuration and Climate Change on UHI Intensity: The study
demonstrated that urban materials, reduced vegetation, and anthropogenic heat sources are critical
factors contributing to UHI effects. Projections using the HadCM3 A2 climate change scenarios

from the Intergovernmental Panel on Climate Change (IPCC) Third Assessment Report indicated
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a significant intensification of UHI effects by 2050 and 2080, with urban areas expected to
experience greater increases in temperature compared to rural areas. These findings underscore the

escalating challenge of managing heat stress in urban settings under future climate conditions.

Effectiveness of Mitigation Strategies: The research explored various mitigation strategies,
including increasing vegetation, applying high-albedo materials, and implementing mixed
strategies. The results showed that a combination of vegetation and reflective surfaces is most
effective in reducing UHI impacts, leading to lower urban temperatures and improved thermal
comfort. These strategies are crucial for reducing energy demand for cooling and enhancing the

livability of urban environments.

Policy Implications for UHI Mitigation: Given the demonstrated effectiveness of a mixed
strategy, these findings offer practical guidance for policymakers in Turin and similar cities to
tackle the UHI effect effectively. By identifying UHI-prone areas and testing mitigation strategies
such as high-albedo materials and increased vegetation, this study provides a robust framework
for implementing targeted interventions. These data-driven insights enable urban planners to
prioritize areas for cooling initiatives, adjust building regulations, and integrate UHI mitigation
into broader climate adaptation policies. Such actions are crucial for reducing energy consumption,

enhancing thermal comfort, and improving the overall climate resilience of urban environments.

7.2 Addressing research questions

The research successfully addressed the key research questions outlined in Section 1.2:

Which areas in Turin are most susceptible to UHIs formation, and what are the key

parameters contributing to this susceptibility?

133



The study identified specific zones in Turin, such as the Mirafiori complex and other densely built-
up areas, as being most susceptible to UHI formation. These areas were characterized by a high
concentration of impervious surfaces, reduced vegetation cover, and extensive use of heat-
retaining materials like concrete and asphalt. Key parameters contributing to UHI susceptibility
included urban morphology, land use patterns, and anthropogenic heat sources, such as traffic and
industrial activities. The findings underscore the importance of urban design and infrastructure in

influencing local microclimates.

How can remote sensing technology and land cover analysis be effectively utilized to identify and

characterize UHI-prone regions in Turin?

Remote sensing technology, particularly the use of thermal infrared data from satellites, proved to
be a powerful tool in identifying and characterizing UHI-prone regions. The study utilized data
from Google Earth Engine to detect temperature anomalies and assess land cover characteristics
that contribute to UHI effects. This approach enabled a detailed spatial analysis of temperature
variations across Turin, highlighting areas with significant heat accumulation. By integrating land
cover data, the study effectively mapped the spatial extent and intensity of UHIs, providing

valuable insights for targeted mitigation efforts.

How does Dragonfly software, integrated within the Rhino environment, enhance the analysis of UHI

effects and inform mitigation strategies in urban areas?

Dragonfly software, integrated within the Rhino environment, allowed for detailed 3D modeling
of urban areas in Turin, incorporating various parameters such as building heights, materials, land
cover characteristics, and anthropogenic heat sources. This enhanced analysis facilitated a
comprehensive understanding of the microclimatic conditions contributing to UHI formation. The

software's simulation capabilities enabled the testing of different mitigation strategies, providing
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critical insights into their potential effectiveness. This approach proved instrumental in identifying

optimal strategies for reducing UHI effects and improving thermal comfort in urban environments.

What are the projected impacts of climate change on UHI intensity in Turin, specifically under the

HadCM3 A2 climate change scenarios for the years 2050 and 20807

Under the HadCM3 A2 climate change scenarios, UHI intensity in Turin is projected to increase
significantly by 2050 and further intensify by 2080. The simulations indicated that urban areas
would experience more substantial temperature increases than rural areas, particularly during the
summer months. This projected intensification of UHI effects is attributed to rising global
temperatures and the continued development of urban infrastructure that retains heat. The findings
highlight the growing need for adaptive urban planning and mitigation strategies to cope with the

anticipated increase in urban heat stress.

Which mitigation strategies are most effective in reducing UHI effects in Turin under
current and future climate conditions, and what practical insights can this research provide

to urban planners and policymakers?

The most effective strategy for mitigating UHI effects in Turin, under both current and future
climate conditions, is a combination of increased vegetation (such as green roofs and tree cover)
and high-albedo materials (like reflective surfaces). This mixed approach significantly reduces
temperatures, lowers energy consumption for cooling, and improves thermal comfort in urban
areas. The research provides practical insights for urban planners and policymakers, emphasizing
the importance of integrating these strategies into urban design and tailoring interventions to
specific urban zones. Utilizing advanced modeling tools like Dragonfly can also aid in evidence-

based decision-making for enhancing urban sustainability and resilience.
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7.3 Future research directions

While this study has provided valuable insights into UHI dynamics and effective mitigation

strategies, it opens the door for further exploration in several key areas:

o Enhanced Modeling Techniques: Future research could benefit from incorporating more
granular data on building materials, surface albedo, and human activity patterns. This
would improve the precision of temperature predictions and enhance the effectiveness of

UHI mitigation strategies.

o Broader Geographic Application: Expanding this research to other cities with similar
climates could provide a more comprehensive understanding of UHI dynamics and help

assess the applicability of various mitigation strategies in diverse urban environments.

e Long-Term Monitoring and Adaptation: Continuous monitoring of UHI-prone areas
and validating models with real-time data will improve the understanding of UHI trends
and aid in developing adaptive urban planning strategies to address the growing challenges

posed by climate change.

7.4 Limitations of the study

This study has several limitations that need to be acknowledged:

Uncertainty in future weather data: The research utilized future weather data generated from
climate change models, specifically the HadCM3 A2 experiment ensemble from the IPCC Third
Assessment Report. While these models offer valuable projections, they inherently involve some

inaccuracies and uncertainties due to the complexity of climate systems and the assumptions made
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during modeling. These uncertainties could impact the accuracy of the projected UHI intensities

for 2050 and 2080, thereby influencing the results of the mitigation strategies evaluated.

Simplified 3D modeling approach: The study employed a simplified 3D modeling approach due
to the capabilities of the Dragonfly plugin within the Rhino environment. The Dragonfly plugin
operates on an urban scale and utilizes generalized inputs, such as the percentage of ground
covered by grass or the proportion of surfaces with high albedo. Consequently, the model does not
account for finer details, such as the precise height of buildings or shading effects, which are
important in smaller-scale studies. This limitation affects the model's ability to capture detailed
microclimatic variations, potentially impacting the precision of the analysis. While the approach
provides a useful overview of UHI dynamics, it may not fully represent all the complexities of the
urban environment, especially in areas with varied building heights and shading. Future studies

could benefit from more detailed modeling to capture these finer-scale urban features.

7.5 Final remarks

This research has provided a comprehensive analysis of the UHIs phenomenon in Turin, using a
combination of remote sensing, 3D modeling, and climate change projections. By identifying UHI-
prone areas, analyzing the contributing factors, and evaluating various mitigation strategies, the

study offers valuable insights into managing urban heat in a changing climate.

The findings underscore the importance of adopting a multi-faceted approach to UHI mitigation,
combining increased vegetation, high-albedo materials, and strategic urban planning. Such
strategies not only help reduce urban temperatures but also improve thermal comfort and reduce

energy demands, contributing to more sustainable and resilient urban environments.
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Despite its limitations, this research provides a solid foundation for future studies and offers
practical guidance for urban planners and policymakers. Continued innovation in modeling
techniques, data integration, and adaptive urban planning will be essential to addressing the

growing challenges of urban heat in the face of ongoing climate change.

By advancing our understanding of UHI dynamics and developing effective mitigation strategies,
this study aims to foster a more livable and sustainable future for cities like Turin and beyond.
Future research should build on these findings, exploring new technologies and methods to further

refine our approach to urban climate resilience.
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8 Appendix 1 — Script for GEE

The provided code snippet demonstrates the methodology for calculating Land Surface
Temperature (LST) in Turin and its surrounding areas using Landsat-8 satellite data within Google
Earth Engine (GEE). The script selects satellite imagery over a defined period, utilizes the Split-
Window Algorithm to compute LST, and visualizes the results through a color-coded map
indicating different temperature ranges. By specifying parameters such as the region of interest,
date range, and vegetation indices, the code effectively highlights spatial temperature variations,
helping to identify UHIs effects by pinpointing areas with elevated surface temperatures compared

to cooler, vegetated regions.

var LandsatLST = require('users/sofiaermida/landsat_smw_Ist:modules/Landsat_LST.js");

/I Define the region of interest

var geometry = ee.Geometry.Rectangle([5.5, 43.8, 6.5, 45.1]);

// Define the Landsat satellite, date range, and NDVI usage
var satellite ='L8";

var date_start ='2022-08-01";

var date_end = '2024-05-01";

var use_ndvi = true;

/I Get the Landsat collection within the specified date range and region
var LandsatColl = LandsatLST.collection(satellite, date_start, date_end, geometry, use_ndvi);

print('Landsat Collection:', LandsatColl);

/l Calculate the mean LST over the specified date range
var meanLST = LandsatColl.select('LST').mean();
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/I Define color map for visualization, adjusted for 17-35 Celsius range

var cmapl = ['blue’, 'lightblue’, 'green’, 'yellow', 'orange’, 'red'];

/I Define legend labels based on the new color map
var labels = ['<17 °C', '17-21 °C', '21-26 °C', '26-31 °C', '31-35 °C', >35 °C'];

/I Center the map on the region of interest

Map.centerObject(geometry);

/[ Add the average LST layer to the map with adjusted min/max for Celsius
Map.addLayer(meanLST, {min: 273.15 + 17, max: 273.15 + 35, palette: cmapl}, 'Average LST

(°C)):;

/I Create legend entries with colored boxes and labels
var legendEntries = [];
for (var i = 0; i < cmapl.length; i++) {
var color = cmapl[i];
var label = labels][i];
legendEntries.push(ui.Panel([
/I Set fixed width and height for colored box
ui.Label({style: {backgroundColor: color, width: '20px’, height: "15px’, margin: '1px 2px'}}),
ui.Label(label, {margin: '2px'})
D);
}

/Il Create legend title
var legendTitle = ui.Label('Average LST (°C)");

/I Combine legend entries and title in a vertical layout

var legendPanel = ui.Panel({
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widgets: [legendTitle].concat(legendEntries),
layout: ui.Panel.Layout.flow('vertical’),

style: {padding: '5px', position: 'bottom-left'} // Set position to bottom-left
ok

/I Add legend panel to the map
Map.add(legendPanel);
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9 Appendix 2 — Algorithm file of grasshopper

The algorithm file of grasshopper and dragonfly for download in provided in following link:

https://tinyurl.com/UHITHESIS
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