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Abstract

Climate change is making urban heat islands (UHIs) more crucial. This research examines the dynamic association
between economic and environmental variables and UHI severity in 13 nations from 2000 to 2022. This study
supports Sustainable Development Goals 11 (Climate Action) and 13 (Sustainable Cities and Communities) by
researching financial and ecological ways to reduce UHIs. The panel fixed effect regression analysis yields intri-
guing results, i.e., increasing building energy efficiency decreases urban heat island intensity. However, UHI in-
tensity increases R&D expenditure, renewable energy consumption, and green roof area, revealing complicated
dynamics. UHI trends over the following decade may be seen using the Impulse Response Function panel. The
amount of green space, energy efficiency in buildings, community resilience, renewable energy consumption, and
spending on research and development are expected to impact UHI negatively, emphasizing the need for sustain-
able practices and flexibility. Green roof area and tree canopy coverage are predicted to improve UHI, highlighting
the benefits of planned urban greening programs. Variance decomposition methodology evaluates how each vari-
able proportionally affects UHI variance. Green space, building efficiency, tree canopy coverage, and renewable
energy utilization are important factors, followed by community resilience. Energy efficiency, urban greenery, and
resilience may reduce UHIs and create climate-adaptive cities in the coming decade.

Key words: urban heat island intensity, green space area, building energy efficiency, green roof area, tree canopy
coverage, renewable energy capacity, panel fixed effect

Streszczenie

Zmiany klimatyczne sprawiaja, ze miejskie wyspy ciepla (UHI) staja si¢ coraz bardziej istotne. Niniejsze badanie
analizuje dynamiczny zwigzek migdzy zmiennymi ekonomicznymi i $srodowiskowymi a nasileniem UHI w 13
krajach w latach 2000-2022. Niniejsze badanie wspiera Cele Zrownowazonego Rozwoju 11 (Dzialania na rzecz
klimatu) i 13 (Zréwnowazone miasta i spoleczno$ci) poprzez badanie finansowych i ekologicznych sposobdéw na
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zmniejszenie UHI. Analiza regresji o stalym efekcie panelowym daje intrygujace wyniki, tj. zwigkszenie efektyw-
nosci energetycznej budynkow zmniejsza intensywnos¢ miejskich wysp ciepta. Jednak intensywnos¢ UHI zwigk-
sza wydatki na badania i rozwoj, zuzycie energii odnawialnej i powierzchni¢ zielonych dachoéw, ujawniajac skom-
plikowang dynamike. Trendy UHI w ciagu nastgpnej dekady mozna zaobserwowac za pomoca panelu Impulse-
ResponseFunction. Oczekuje si¢, ze ilo$¢ zielonej przestrzeni, efektywnosc¢ energetyczna w budynkach, odpornosc¢
spotecznosci, zuzycie energii odnawialnej i wydatki na badania i rozwoj beda miaty negatywny wptyw na UHI,
podkreslajac potrzebe zrownowazonych praktyk i elastycznosci. Przewiduje si¢, ze powierzchnia zielonego dachu
i pokrycie koron drzew poprawia UHI, podkreslajac korzysci z zaplanowanych programéw zazieleniania miast.
Metodologia rozktadu wariancji ocenia, w jaki sposob kazda zmienna proporcjonalnie wptywa na wariancje UHIL.
Tereny zielone, wydajnos¢ budynkow, pokrycie koron drzew i wykorzystanie energii odnawialnej sa waznymi
czynnikami, a nastgpnie odpornos¢ spotecznosci. Efektywnos¢ energetyczna, zielen miejska i odporno$¢ moga
zmniejszy¢ UHI i stworzy¢ miasta przystosowane do klimatu w nadchodzacej dekadzie.

Stowa kluczowe: intensywnos$¢ miejskiej wyspy ciepta, tereny zielone, efektywnos¢ energetyczna budynkow,
tereny zielonych dachow, zasigg koron drzew, odnawialne Zzrodla energii, staty efekt ustalony w panelu

1. Introduction

In this era of unprecedented urbanization and climate change, city planning, renewable energy integration, and
urban heat island reduction are significant areas of research and legislation (He et al., 2023). Most of the world's
population lives in cities facing rising temperatures, energy demand, and urban heat islands. Renewable energy
solutions and climate-responsive urban design may help create more resilient and sustainable cities (Byrne et al.,
2022). Urban heat islands, where temperatures are substantially greater than rural areas, make city living uncom-
fortable and energy utilization worse. This event necessitates a thorough heat island mitigation and sustainable
urbanization approach. Renewable energy technologies and climate-responsive urban design may reshape city-
scapes to eliminate urban heat islands (Planas-Carbonell et al., 2023). Green spaces, energy-efficient structures,
and renewable energy may help cities adapt to climate change and energy demand (Prades-Gil et al., 2023).
Urban heat island effects, which make cities hotter than rural areas, worsen as urbanization accelerates. This phe-
nomenon increases energy use, health issues, and urban carbon footprint (Ahakwa, 2023). Renewable energy in-
tegration and climate-responsive urban design may solve urban heat islands and lead to sustainability. Climate-
responsive urban design involves coordinating green infrastructure, architectural interventions, and urban planning
to decrease urban heat islands. Green spaces, cool roofs, and energy-efficient buildings may make cities more
climate-resilient (Almusaed et al., 2023). It reduces energy consumption and urban heat by switching to greener
energy sources like solar panels and wind turbines (Song et al., 2023). This study examines climate-responsive
urban design, renewable energy integration, and urban heat island reduction in these 13 countries. This research
uses a 2000-2022 panel data set to examine the numerous factors that affect sustainable urban design, energy
transitions, and climate resilience. This study analyzes these nations' policies, experiences, and accomplishments
to present evidence-based recommendations for greener, safer, and more livable cities. The fundamental goal of
the study is to eliminate urban heat islands using renewable energy and climate-responsive urban design. Academ-
ics, legislators, and urban planners may apply this study's practical findings to develop sustainable, adaptable, and
comprehensive urban settings. This study helps create resilient, equitable, and environmentally responsible cities
during rapid urbanization and climate change.

The study intends to contribute to sustainable urbanization discussions by analyzing and contrasting the approaches
of nations confronting similar difficulties in various circumstances. The findings may enlighten ways to enhance
the mutually beneficial relationship between energy solutions and urban design, enabling cities to become profit-
able, climate-resilient hubs. This approach is essential to establishing urban ecosystems that survive despite cli-
mate change and other global concerns. The study's questions are as follows: First, how can renewable energy
technologies and climate-responsive urban design reduce urban heat islands (UHI) and support SDG-11 (Sus-
tainable Cities and Commuenities) by improving urban resilience, environmental degradation, and equitable
urban development? This research is driven by the relevance of renewable energy integration and climate-respon-
sive city design in reducing urban heat island effects (Salmanian& Bayat, 2023). Climate-responsive design re-
duces heat islands in cities by employing green spaces, reflecting surfaces, and improved building materials (Jalali
et al., 2022). According to Oquendo-Di Cosola et al. (2022), renewable energy technologies may reduce energy
consumption and urban temperatures by contributing to sustainability. By investigating their interplay, the study
established whether renewable energy technologies help reduce climate-responsive design's heat island. This issue
helps to comprehend renewable energy options and sustainable urban design. Second, how can urban heat islands
(UHI) be reduced in cities using green spaces, energy-efficient structures, and renewable energy? Moreover,
how might environmental sustainability and carbon footprint reduction help SDGs-7 and 13? Green spaces,
energy-efficient buildings, and tree canopy coverage are crucial to climate-responsive urban design. They mitigate
urban heat island effects by cooling, shading, and reducing energy demand (Zhu et al., 2022). The question
acknowledges that renewable energy integration and climate-responsive design may impact these elements' suc-
cess. This research examined how sustainability factors combine and diminish heat islands in diverse urban con-
texts to enlighten the complex link between these variables and city temperatures. According to resilience index
data, a third research question arises, i.e., considering social, economic, and environmental challenges, can cities
adopt climate-responsive design and increased renewable energy capacity to minimize urban heat islands?
Moreover, will this help SDGs 9 and 11 promote resilient cities and green infrastructure? Building resilient cities
to address climate change is rising. Resilient cities were better equipped to survive heat waves and other meteor-
ological stressors (Al-Sayed &Alanizi, 2023). Thus, resilient cities may be better able to survive heat island effects
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due to their superior infrastructure, citizen participation, and adaptability. The research examines this link to show
how sustainability and urban resilience work together.
Based on the discussion, the study has the following research objectives, i.e.,

L. To assess the national climate-responsive urban design techniques and how they benefit SDG-
11 by promoting social equity, reducing environmental impact, and improving urban resilience.
II. To investigate the interplay of urban heat island intensity, green areas, building energy effi-

ciency, and tree canopy coverage to support SDGs 7, 13, and 15 that promote sustainable urban ecosys-

tems, energy efficiency, and climate change mitigation.

II1. To examine the moderating effect of urban resilience on sustainability metrics, with a particular

emphasis on how resilient cities can improve the integration of SDGs 9 and 11 by using renewable energy

sources and climate-responsive design, thereby contributing to long-term sustainable development.
This study contributes to Sustainable Development Goal-11 (Sustainable Cities and Communities) by researching
how reducing urban heat islands (UHIs) might produce more environmentally resilient cityscapes. The study also
supports SDG 13 (Climate Action), which emphasizes reducing urban climate risks via renewable energy, green
infrastructure, and building energy efficiency. Since the study focuses on financial decisions and environmental
interventions, it contributes to SDG-7 (Affordable and Clean Energy) and SDG-9 (Industry, Innovation, and In-
frastructure) by analyzing how renewable energy and R&D investments affect sustainable urbanization. Reduced
UHI intensity needs urban tree canopy coverage, green spaces, and ecological balance. Hence, the findings pertain
to SDG 15 (Life on Land). By integrating the SDGs into policy frameworks and urban planning, this research
provides practical insights for sustainable development and climate resilience.

2. Literature Review

The literature review has three primary sections. The first links climate-responsive design to urban heat islands.
The second focuses on integrating renewable energy into cities. Finally, the urban resilience and sustainability
literature discusses sustainable methodology synthesis.

2.1. Urban Heat Island Effects and Climate-Responsive Design

This section discusses the urban heat island (UHI), which makes densely populated cities hotter than rural areas.
Surfaces that absorb heat and lack green space are briefly discussed as potential causes. Further, this section also
examines climate-responsive urban design methods. It incorporates green spaces and cool roofs to reduce urban
heat islands. These methods reduce temperatures, improve air quality, and improve quality of life, among other
benefits. Xu et al. (2022) examine the local climatic zone (LCZ) categorization to mitigate UHI. The study indi-
cated that RS-based categorization marginally outperformed GIS in explaining land surface temperature (LST)
variation, demonstrating their complementary nature. The consistency and diversity in LCZ sizes across metro-
politan regions show the complex relationship between urban geometry and UHI. Surface urban heat islands harm
urban sustainability. Therefore, Dutta et al. (2022) use satellite imagery to identify crucial thermal zones in cities.
Findings show that India's megacities' thermal dynamics support the need for adaptable design based on regional
climatic zones. The temperature difference between urban areas shows how building forms enhance UHI effects.
Daniel et al. (2023) highlight solar technology for mitigation and green infrastructure for adaptation in quantita-
tively evaluating urban climate-responsive design initiatives. Street-level initiatives include mitigation and adap-
tation techniques, whereas building-level interventions have less synergies. Loh and Bhiwapurkar (2022) proposed
a novel approach to developing climate-responsive building facades that reduce urban heat islands. Optimization
and parametric modelling may improve outdoor thermal comfort, refrigeration energy usage, and natural light
utilization. The research found that UHI must be included throughout building development.

According to Ho et al. (2023), UHI increases during hot periods, affecting death rates. Their analysis shows how
UHI intensity affects temperature-mortality correlations in susceptible populations. The research demonstrates that
UHI-prone metropolitan locations require specific mitigation techniques during high-heat events. Bala et al. (2023)
examine the relationship between land surface temperature (LST) and normalized difference vegetation index
(NDVI) in metropolitan Chennai from a regional viewpoint. This study illustrates how urban greenery reduces
UHI's thermal effects. Only a minor association between LST and NDVI was examined. Therefore, further re-
search is needed into the intricate interactions of UHI processes. In their Baghdad urban heat island (UHI) study,
Najah et al. (2023) emphasize the role of green urban spaces (GUSs) in lowering temperatures. The study examines
how urban expansion influences GUSs to link land use change to UHI consequences. Thus, the study emphasizes
the necessity to balance urbanization with environmental protection. Kim et al. (2023) developed mean radiant
temperature (MRT)--based fast spatial evaluation techniques to reduce UHI. Their strategy may be effective in
urban environments, but its scalability and applicability are unknown. Liu et al. (2023) use climate-responsive
design to address high-heat events. They highlight the importance of urban planning and design in minimizing
UHI effects, which supports sustainability objectives. These solutions need long-term observations and real-world
case studies to prove their efficacy and scalability. Public open spaces reduce climate change-induced urban heat,
according to Gabor et al. (2023). Vienna is developing urban green and blue infrastructure (UGBI) standards to
help execute climate-relevant activities. The study metrics stress the necessity for multidisciplinary cooperation
and the challenges of balancing sustainability.

Based on the cited literature review, the first research hypothesis is as follows:

H]1: Nations with more green space per capita will have lower urban heat island intensity, supported by SDG-
11, which emphasizes inclusive, safe, resilient, and sustainable cities.

2.2. Renewable Energy Integration in Urban Contexts
This literature review examines urban-applicable renewable energy sources. City planning may include renewable
energy sources like solar panels and wind turbines. Further, it discussed how these technologies cut urban heat
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emissions and promote sustainable energy generation. It examined how legislative changes may encourage cities
to utilize renewable energy. Renewable energy targets, financial incentives, and supporting regulatory frameworks
promote clean energy technology integration. More individuals are turning to energy conservation and Positive
Energy Districts (PEDs) to tackle climate change. The research of Derkenbaeva et al. (2022) focuses on European
city residential zones to understand PEDs. The research classifies PEDs by their characteristics using theoretical
and empirical evidence. The Complex Adaptive System technique and Doughnut perspective adequately charac-
terize PEDs while considering contextual considerations. The study emphasizes the necessity of studying over-
looked sectors like electric transportation and overcoming PED constraints to promote future technology. Electri-
cal companies must promote innovative city sustainability. Cortese et al. (2022) examined how smart cities sustain
energy via a comprehensive literature review. Based on 154 scholarly articles, urban planning should be secondary
to renewable energy and energy efficiency technology. The study emphasizes considering comprehensive sustain-
ability strategies to ease smart city transitions. The results include energy efficiency, renewable energies, and
energy and urban planning. It accelerated the energy transition by promoting low-carbon energy, public involve-
ment, and social goals. According to Dall-Orsoletta et al. (2022), smart grids may help local energy transitions but
not threaten the energy regime or have a more significant influence. It may promote equitable energy transitions,
community involvement in renewable energy, and economic growth. Despite several limitations, the study reveals
that low-carbon energy may facilitate local and regional energy transformations. Colasante et al. (2022) examine
how favourablesunshine and regulations affect the proliferation of photovoltaic (PV) systems in Southern Europe.
The focus is on the attitudes and behaviours of Spanish and Italian consumers regarding solar energy adoption.
The research shows that solar energy choices vary substantially. The study indicated that policy influences cus-
tomer perceptions and PV system uptake. The research inspires consumer expectations and regulatory conse-
quences to promote sustainable energy. In the action against global environmental challenges, Local Energy Com-
munities (LECs) and other grassroots activities are growing. Otamendi-Irizar et al. (2022) examine efficient LEC
operations and their non-energy uses. According to the data, some LECs focus only on energy, while others con-
duct SDG-aligned sustainable development activities. LECs are essential for fair energy transitions, local capacity,
and bottom-up renewable energy distribution. The findings suggest a more significant study on LECs' involvement
in sustainable and resilient urban communities.

Cutore et al. (2023) examined the Clean Energy for All Europeans Package's REC proposal. The study creates an
Italian regulatory-compliant REC optimization model. RECs, which are decentralized and democratic energy pro-
duction and distribution, make urban renewable energy integration easier. Comparisons of the two sharing systems
focused on capacity size, flow management, and storage system inclusion. In centralized distribution setups, virtual
energy sharing was more economically beneficial. Sustainability measurements showed that REC consumption
significantly decreased carbon emissions and energy poverty. Energy ecosystems' severe weather resilience and
susceptibility were examined by Perera and Hong (2023). They stressed that energy system interconnectedness
and complexity made infrastructure more susceptible to damage. The research used a unique COVID analogy to
characterize vulnerability across three levels to understand better the spread of energy ecosystem disturbances.
The present effects of climate change have received much attention, but this research underscored the need to look
forward to future possibilities and energy system interconnection. Decentralized and hybrid models employing
physical and data-driven methods may reduce complexity. Lucchi et al. (2023) sought to use active solar technol-
ogy as building materials in historic buildings to aid energy transition and preserve architecture. The research
stressed the relevance of new aesthetics, practicality, efficiency, and cost in integration. Social concerns due to
design, economic, and regulatory constraints negated the benefits. To avoid these concerns, global standards were
used to create a taxonomy of suggestions for energy efficiency, solar power, and terminology. Bouw et al. (2023)
created a framework to simulate integrated heating conditions to help communities choose sustainable heating
options. The method analyzed technological routes, system costs, emissions, and stakeholder participation. This
strategy was applied to a Dutch neighbourhood, and the 'efficiency’ and 'hybrid' price options were the most cost-
effective. This method's applicability to varied evaluation scenarios was underlined. Zhang et al. (2023) examined
fagade building integrated photovoltaics usage. Data-driven Deep Generative Networks were used to create sto-
chastic ensembles of solar irradiance time series efficiently. This model may replace time-consuming simulations,
which might aid energy system design. Although reproducing the ground truth is difficult, validation showed that
the time series was consistent with a physics-based simulation. The method's significance in urban energy planning
was proved via parametric and generative designs. Based on the cited literature review, the second research hy-
pothesis is as follows:

H2: Building energy efficiency favorably moderates the association between renewable energy capacity and
urban heat island intensity. Energy-efficient buildings help renewable energy solutions mitigate heat impacts,
supporting SDG 7's sustainable energy system and SDG 13's climate change reduction.

2.3. Synergy of Sustainable Approaches: Climate-Responsive Urban Design and Renewable Energy

Renewable energy integration and climate-responsive urban design are the primary focus of this section. It dis-
cusses how various methods may work together to lessen urban heat island effects. This review discusses how
renewable energy may power green infrastructure and energy-efficient buildings, which can boost cooling. Sus-
tainability measures and urban resilience are also mentioned. As succinctly mentioned, renewable energy and
climate-responsive architecture help cities weather climate change. Decentralized energy generation, energy-effi-
cient buildings, and green infrastructure are important for physical and social resilience. Despite the gap between
urban green space theory and reality, Graca et al. (2022) studied these places since they are crucial to climate
change adaptation. This study conducted a semi-systematic literature assessment to uncover evidence-based out-
comes for building urban green spaces for climate adaptation. The design-based approach included setting goals,
determining context-agnostic applicability, and identifying implementation challenges. Okilj et al. (2023) recom-
mended multi-dimensional and comprehensive planning for sustainable and resilient cities. The research examined
ecological and energy planning in Banja Luka via green and compact city ideas and their compatibility. The
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research challenged green goals and urban design by comparing green structural modifications to temperature
hikes. Liu et al. (2023) investigated using solar energy and other eco-friendly methods to create carbon-neutral
European communities. They tested natural solutions using building-integrated photovoltaics. Their research sug-
gests combining solar conversion technology with natural components to reduce heat and climate impact. It applies
throughout temperature zones. Peng et al. (2023) studied courtyard microclimates to reduce severe temperatures
and increase thermal variability. The research classified courtyards by thermal properties using thermal field meas-
urements, computational modelling, and machine learning. New building and restoration projects, including court-
yard microclimates, might apply the study's results for climate-responsive design in typical urban settings. Lehnert
et al. (2023) note that urbanization and climate change are increasing heat stress exposure. Using mental mapping,
they found hot and cold locations in two Central European cities and asked people about temperature regulation.
Results indicated that people prefer green and blue components like parks and trees over blue ones. This revealed
regional preferences for metrics and ways to enhance targeted areas.

Lampinen et al. (2023) stressed the relevance of urban green infrastructure for biodiversity, well-being, and climate
change mitigation. Public participation geographic information system (PPGIS) surveys were used to assess Hel-
sinki residents' support for green infrastructure plans with varied results. Results indicated that climate benefits
are widespread, concessions should be based on well-being rather than biodiversity, and municipal policy prefer-
ences vary by location. Genovese and Zoure (2023) focused on sub-Saharan Africa's bioclimatic design. A detailed
literature study revealed bioclimatic design's pros, downsides, obstacles, and effects in the area. The research sug-
gested a circular economy and multi-scale adaptive bioclimatic architectural paradigm for sustainable construction.
Felicioni et al. (2023) stated that climate change consequences need resilience development. This research com-
pared resilience grading to green building sustainability metrics. This project brought together experts from dif-
ferent fields to promote synergistic design. Rajarajeswari and Anbalagan (2023) explored sustainable development
via green building and lean construction. The research used case studies to demonstrate their collaboration and the
importance of waste reduction. This study guided stakeholders toward greener building practices. Lei et al. exam-
ined how village layout affects thermal comfort in 2023. Researchers in southern subtropical China examined how
topography and building geometry affect solar radiation and airflow. The findings showed that these variables
improve outdoor thermal comfort in traditional communities. Based on the cited literature review, the final re-
search hypothesis is as follows:

H3: Urban resilience indices would moderate the relationship between renewable energy capacity, urban heat
island intensity reduction, and climate-responsive urban design strategies, supporting SDGs 11 and 13 to em-
Pphasize resilience’s role in climate mitigation.

The most essential aspects for decreasing urban climate change have been identified via research on renewable
energy solutions and climate-responsive urban design (Sommese et al., 2022; Banerjee, 2022). This field has sev-
eral knowledge gaps, so the present study makes unique contributions. Previous literature lacks full variable inte-
gration, which is a significant flaw. Green space, building energy efficiency, urban heat island intensity, and re-
newable energy capacity have been studied separately, but there is little systemic research on how they interact.
This study seeks to bridge a knowledge vacuum by examining these components' interaction and reciprocal influ-
ence in various urban contexts. The current study is geographically under-representative since it concentrates on
a few cities (Shi et al., 2022; Chang, 2023). Thus, regional and climatic differences in climate-responsive urban
design and renewable energy techniques need additional investigation. The global span of this study, which com-
prises 13 sample countries from various places, is remarkable. This method clarifies global opportunities and risks.
Current research should integrate socioeconomic variables needed for renewable energy solutions and climate-
responsive urban design, according to Fahmy et al. (2022) and Sharma (2022). This includes resilience, critical
service accessibility, and R&D spending. Research supports these socioeconomic traits and seeks to relate them
to other variables. It gives a broader vision of sustainable urban development. Combining techniques has been
ignored in favour of single-approach research. Renewable energy projects and climate-responsive city design need
socioeconomic considerations (Fahmy et al., 2022; Sharma, 2022). Examples include critical infrastructure, resil-
ience, and R&D financing. These socioeconomic indicators are linked to other variables in the investigation—a
more comprehensive and inclusive urban sustainability strategy. The literature typically overlooks the synergies
and trade-offs of applying numerous methods concurrently in favour of examining their merits. This study inves-
tigates synergies and synergistic conflicts between components to fill that gap. The findings of this research may
help policymakers and urban planners make educated decisions. Climate-responsive urban design requires resili-
ence and biodiversity. There is little study on their influence on urban sustainability and how they interact with
other elements (Hiirlimann et al., 2022). The study combines these factors and attempts to understand their inter-
connections. This improves our climate adaptation and overall urban planning expertise. Finally, research on prac-
tical application insights is lacking. Much research provides theoretical insights, but policies and urban design
efforts are not consistently implemented (Greenstone, 2023; Qiao et al., 2023). The study bridges this gap by
aligning research with real-world applications and providing practitioners with proper evidence.

3. Theoretical Framework

The Systems Thinking and Resilience Framework may help explain how renewable energy integration, climate-
responsive urban design, and urban resilience interact (Locke et al., 2023). This theoretical paradigm emphasizes
creating resilience against urbanization and climate change risks, acknowledging the interconnected nature of ur-
ban systems. This method relies on systems thinking, which views cities as complex, interrelated systems (Wan
Rosely &Voulvoulis, 2023). Green spaces, energy-efficient structures, and renewable energy sources provide a
cascade of complementing effects on urban landscapes beyond decreasing temperatures (Levesque et al., 2023).
Green spaces reduce global warming, enhance air quality, shelter various plant and animal species, and increase
community health (Cuong & Khan, 2023). This interconnectivity emphasizes the need to consider numerous urban
features and their interactions.
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Resilience thinking — acity's ability to adapt, absorb shocks, and recover from disruptions — is crucial to the frame-
work (Rosales Pérez, 2023). Cities can reduce climate change using renewable energy and climate-responsive
urban planning. The framework examines how these strategies improve a city's heat wave, power outage, and flood
resistance. Resilient towns can better withstand climate change and safeguard citizens and companies, according
to Albuquerque Pai et al. (2023). The approach considers urban system feedback loops. Climate-responsible design
and renewable energy integration may benefit from positive feedback loops like lower energy demand from re-
newable energy sources and energy-efficient buildings (Laimon et al., 2022). The framework is aware of negative
feedback loops, which may occur when one solution is overused and has unexpected repercussions (Matson et al.,
2022). Cities can maximize the benefits and minimize the drawbacks of their sustainable programs by understand-
ing and controlling these feedback loops.

In the framework's Socio-Ecological Systems part, humans and nature interact in complex webs in cities. This
socio-ecological paradigm examines how urban green areas, energy-efficient structures, and renewable energy
sources interact, according to Darwish et al. (2023). These links improve city life by affecting microclimate and
dweller satisfaction. The framework recognizes urban-nature connections. Moosavi et al. (2023) stress the need to
consider both while designing and executing climate-responsive strategies. The Systems Thinking and Resilience
Framework provides a comprehensive view of climate-responsive urban design, renewable energy integration, and
urban resilience, according to McGregor and Cowdy (2023).

By highlighting changeable interdependencies, the framework helps academics and practitioners decrease urban
heat islands and design resilient urban fabrics that can withstand climate change. This paradigm emphasizes social
and ecological aspects, feedback loops, and system dynamics to promote climate-resilient urban development.

4. Materials and Method

Due to rapid urbanization, governments worldwide are rethinking urban planning. Thirteen nations—the US,
China, Germany, Australia, Singapore, Brazil, Japan, UK, India, Spain, Italy, Mexico, and Turkiye—represent
various geographical, climatic, and developmental features. These countries share urban heat island impacts, which
affect health, electricity usage, and city ecosystems. They also want to include renewable energy and climate-
responsive urban architecture in their cityscapes.

Along with technological and geographical concerns, this study's independent variables address major urban sus-
tainability issues within sustainable development. Building energy efficiency supports SDG 7 by promoting energy
conservation and efficiency in urban structures. More green space and tree canopies promote SDG-11 and SDG-
15. These measures boost biodiversity, improve city life, and mitigate climate change. Renewable energy sources
help achieve SDG-7 and SDG-13 by reducing fossil fuel use and carbon emissions. Improving urban planning and
governance by including community resilience in sustainable urbanization plans strengthens SDG-9 and SDG-11.
Research and development help accomplish SDG -9 by advancing technology for sustainable urban solutions.
These factors address climate resilience and environmental sustainability. It relates technological and geographical
factors to sustainable urban development frameworks and Urban Heat Island Intensity (UHHI).

The study used urban heat island intensity (°C) as the response variable of the study, which measures urban-rural
temperature differences. It suggests that renewable energy and climate-responsive city design may mitigate the
urban heat island effect, which is worsening due to climate change. Maximum Temperature in Centigrade was
used to study urban heat island effects and trends. All data comes from the World Bank's Climate Change
Knowledge Portal (CCKP, 2023). The independent variables are as follows: Green Space Area per Capita (sq.
meters) illustrates urban dwellers' access to parks, gardens, and other green areas. Climate-responsive design in-
cludes green spaces to cool and minimize urban heat. The study substitutes it with Land Area Covered by Forest
(% of Land Area, denoted by GREENSP) to provide a more holistic perspective of a country's natural area availa-
bility, which may be linked to green space and its cooling benefits. The data is from the World Bank's database
(WDI, 2023). Building Energy Efficiency is another factor that measures city building energy efficiency. Energy-
efficient, renewable-energy-compatible buildings reduce energy usage. The study substituted CO. emissions from
residential buildings (% of total fuel combustions, denoted by BEE) to estimate residential energy usage's carbon
footprint. The data is from the World Bank (WDI, 2023). Thirdly, climate-responsive design includes green roofs.
Green roofs reduce urban temperatures, increase energy efficiency, and offer animal habitat, among other ad-
vantages. The study's substitute with Terrestrial protected areas (% of total land area, denoted by GRA) shows
green roofs and other biodiversity-supporting urban characteristics. The data is from the World Bank database
(WDI, 2023). Fourth, urban forests provide shade, decrease temperatures, and improve air quality, aiding climate-
responsive urban development. It measures the percentage of land covered by tree canopies. The research em-
ployed The Air Quality Index (e.g., PM2.5 concentration, (micrograms per cubic meter, denoted by TCC) as a
substitute for the tree canopies factor. This variable shows how urban trees and vegetation enhance air quality as
vegetation affects air quality. The data is from the World Bank's WDI (2023). Fifth, Resilience measures a city's
capacity to recover from climate-related calamities. It includes community cohesion, emergency preparation, and
infrastructure quality. As a substitute variable, the study used Access to clean fuels and technologies for cooking
(% of the population, denoted by RESIL) to quantify the proportion of the population with access to potable water,
sanitation, medical care, and schooling. A resilient community must have these services. This is from the World
Bank's WDI (2023). At least, Cities' Megawatt Renewable Energy Capacity shows solar panels and wind turbines
are counted in metropolitan areas' renewable energy capability. Renewable energy reduces GHG emissions and
promotes sustainable urban development. The study used two metrics, including a Renewable Energy Consump-
tion (% of Total Energy Use, denoted by REC) alternate factor that shows a country's renewable energy consump-
tion. Another factor is Research and Development expenditures (%o of GDP, denoted by RND), which examines
government-funded R&D projects to promote renewable energy technology and integration and provides insights
into renewable energy integration. The data is from the World Bank's WDI (2023).
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The relationship between UHHI and sustainability is objectively assessed using SDG-aligned sustainability met-
rics. The variables selected represent urban resilience and sustainable infrastructure (SDG 11), climate action via
green policies (SDG 13), and renewable energy efficiency (SDG 7). Community resilience measures urban adapt-
ability and sustainability. Methodically combining SDG-aligned data, the study provides a solid factual framework
for understanding sustainable urbanization routes.
A panel data regression analysis will be expertly deployed to delve into the intricate relationship between Urban
Heat Island Intensity (UHHI) and its potential determinants. The panel data approach serves as a robust analytical
framework due to its simultaneous incorporation of cross-sectional and time dimensions, catering to the explora-
tion of cross-country variations and temporal fluctuations in the variables of interest. The overarching structure of
the panel data regression equation is as follows:
UHHI; = Bo + B1GREENSPi1 + BZBEEn + B3GRA1[ + ﬁ4TCCit + BsRESILit + ﬁsRECit + B7RND11 + &it (1)
Where:
e  UHHI; signifies the Urban Heat Island Intensity in country i during year t.
e  GREENSP; encapsulates the Green Space Area Covered by Forest (% of Land Area) in country i and
year t.
e BEE; represents the Building Energy Efficiency measured by CO, Emissions from Residential Buildings
(metric tons per capita) in country i and year t.
e GRAj is the Green Roof Area measured by Terrestrial Protected Areas (% of Total Land Area) in country
iand year t.
e TCC; denotes the Tree Canopy Coverage (% of Land Area) in country i and year t.
RESIL; signifies the Resilience Factor measured with Access to Basic Services (% of Population) in
country i and year t.
e REC; embodies the Renewable Energy Consumption (% of Total Energy Use) in countryi and year t.
e  RND; captures the Research and Development Funding (% of GDP) in country i and year t.
o Bo, Bi, B2, B3, Pa, Ps, Ps, P7 are the regression coefficients awaiting estimation.
e g pertains to the error term.
Given the inherently dynamic nature of panel data, the Fixed Effects (FE) panel regression technique emerges as
the analytical vanguard. The Fixed Effects model acknowledges the existence of unobservable time-invariant
country-specific effects, effectively addressing and circumventing concerns regarding unobserved country-spe-
cific heterogeneity that remains constant across time. This technique facilitates the exploration of the interplay
between UHHI and the independent variables and considers the nuanced differences among countries. Moreover,
the Hausman test will be judiciously administered as part of the rigorous analysis. This essential test serveshelp to
choose between Fixed Effects (FE) and Random Effects (RE) models. In cases where the Hausman test rejects the
null hypothesis, indicating that the random effects assumption does not hold, the Fixed Effects model is the apt
choice, ensuring robust and unbiased parameter estimates. This research used Fixed-Effects panel regression and
the Hausman test to determine the link between urban heat island intensity and several substitutable parameters in
thirteen countries from 2000 to 2022. This scientific method ensures a complete understanding of the complicated
mechanisms by which renewable energy, urban architecture, and other variables diminish the urban heat island
effect.
Panel Impulse Response Function (IRF) may analyze time-varying panel dataset correlations. This study employed
the IRF to evaluate different explanatory variables on UHHI in the near run. Researchers may utilize this method
to study how shock or deviation changes affect UHHI alterations. Administration of a standardized shock to each
variable and evaluation of the ensuing effect on UHHI over several years lets the IRF illuminate the immediate
and cumulative responses of UHHI to changes in the independent variables. The trajectories of multiple variables
may reveal linkages and patterns that would otherwise be hidden. Statisticians utilize variation Decomposition
Analysis to identify which variables explain a dependent variable's variation more and less. The VDA was used to
determine how much of the 10-year Urban Heat Island Intensity trend is due to temperature, population increase,
and other variables. Through VDA, researchers gain insights into the dominance and relative importance of UH-
HI's persistence versus the influences of other variables. The analysis provides a numerical breakdown of the
proportions of UHHI variance explained by each factor, thereby highlighting the extent to which independent
variables collectively contribute to UHHI dynamics.

5. Results and Discussion

Table 1 shows the descriptive statistics of the variable. The mean UHHI, representing the average maximum tem-
perature in centigrade within urban areas, is approximately 21.49. This variable's distribution displays a mild pos-
itive skewness (0.316) and low kurtosis (1.343), suggesting a relatively symmetrical distribution with limited ex-
treme values. Over the analyzed period, the trend in UHHI might indicate urbanization patterns, with potential
implications for energy consumption and climate resilience. The mean percentage of land covered by forest
(32.64%) underscores the importance of green spaces in urban planning and environmental sustainability. The
positively skewed distribution (skewness = 1.169) with moderately high kurtosis (kurtosis = 3.534) suggests that
while most countries have moderate forest coverage, some may exhibit higher-than-average coverage, potentially
due to varying policies and geographic characteristics. The trend in forest coverage reflects efforts to balance
urbanization with ecological preservation.

Table 1. Descriptive Statistics, source: Author’s estimate.

Methods UHHI GREENSP BEE GRA TCC RESIL REC RND
Mean 21.48993 32.64349 10.06239 18.53071 23.03061 90.42258 14.63726 1.662432
Maximum 32.03000 68.49383 21.76339 37.79964 95.24264 100.0000 50.05000 3.450180




Khalid et al./ProblemyEkorozwoju/Problems of Sustainable Development 2/2025, 86-100 93

Minimum 11.81000 12.21014 1.003698 0.218489 6.673639 22.10000 0.330000 0.283840
Std. Dev. 7.238664 15.48018 5.955617 10.40116 19.89034 18.49627 12.95662 0.861178
Skewness 0.316455 1.169318 0.354402 0.020808 1.953114 -2.221608 1.430161 0.359800
Kurtosis 1.342639 3.534168 1.844929 2.155836 5.915481 6.944261 4.025654 2.072610

The mean BEE, measured by CO» emissions from residential buildings (metric tons per capita), is approximately
10.06. The distribution's moderate skewness (0.354) indicates that while emissions vary, they do not deviate sig-
nificantly from the mean. The upward trend in BEE values would signify increased energy-efficient building prac-
tices, aligning with global sustainability goals and reduced carbon footprints. Rising Building Energy Efficiency
(BEE) is signaling a trend toward more ecologically friendly city development through international climate agree-
ments and UN SDGs. BEE upgrades assist SDG 7 by emphasizing energy-efficient technologies and renewable
energy in urban structures. This shift promotes green building materials, energy-efficient designs, and smart urban
planning, supporting SDG 9. Further, it can accomplish SDG 13 and make cities more climate-resilient by lowering
carbon emissions and energy consumption. Improved BEE minimizes resource depletion, promotes urban livabil-
ity, and assures sustainable urban growth, which benefits SDG 11. BEE, green building certifications, passive
design, and smart energy grids improve sustainability pathways, becoming more important as cities worldwide
strive for low-carbon urban transitions. This research emphasizes technology breakthroughs and legislative incen-
tives to accelerate BEE improvements in line with international sustainability guidelines.

GRA, representing the percentage of total land area occupied by green roofs in the studied countries, has an average
value of 18.53. The near-zero skewness (0.021) and relatively moderate kurtosis (2.156) suggest a distribution
with few extreme values. A rising trend in GRA might signal a growing emphasis on sustainable urban infrastruc-
ture, which can contribute to improved energy efficiency, air quality, and aesthetics. The mean TCC indicates the
percentage of land area covered by tree canopies, which are approximately 23.03. The positively skewed distribu-
tion (skewness = 1.953) and high kurtosis (kurtosis = 5.915) imply that some countries could have notably higher
tree canopy coverage compared to the mean. An increasing TCC trend would reflect efforts to combat urban heat
islands, enhance air quality, and provide natural habitats. RESIL, measured by access to basic services as a per-
centage of the population has a high mean value of 90.42. The negatively skewed distribution (skewness = -2.222)
and high kurtosis (kurtosis = 6.944) suggest that while most countries exhibit high resilience, a few may have
lower-than-average access to basic services. A consistent or improving trend in RESIL would indicate positive
developments in ensuring societal well-being and preparedness against shocks. The average REC as a percentage
of GDP is 14.64. This variable's distribution displays positive skewness (1.430) and moderate kurtosis (4.026),
indicating potential variations in renewable energy adoption across countries. An ascending trend in REC under-
scores the shift toward cleaner energy sources, aligning with global efforts to mitigate climate change and reduce
dependence on fossil fuels. RND, measured as a percentage of GDP allocated to research and development, has a
mean of 1.662. The distribution's positive skewness (0.360) and moderate kurtosis (2.073) indicate that some
countries might invest more heavily in R&D than others. An increasing RND trend signifies a commitment to
innovation and technological advancement, fostering economic growth and competitiveness. Table 2 shows the
panel fixed effect regression after confirming the Hausman test specification.

The coefficient for BEE is -0.072, indicating that higher building energy efficiency, measured by lower CO; emis-
sions from residential buildings, is associated with a decrease in Urban Heat Island Intensity (UHHI). This rela-
tionship holds important economic and environmental implications for urban development. One of the key eco-
nomic benefits of improving building energy efficiency is reducing operational costs. Buildings that are energy-
efficient consume less energy for heating, cooling, and lighting (Wan et al., 2023). Lower energy consumption
reduces utility bills for building occupants and owners, thereby contributing to cost savings. By lowering energy
expenses, individuals and businesses have more disposable income that can be invested elsewhere in the economy.
Energy-efficient homes cost more (De Mello, 2023). These buildings attract more buyers and tenants because of
lower utility expenses. Building energy efficiency enhancements may increase real estate demand and pricing for
purchasers and renters. This might boost real estate-related economic activity and property owner wealth. Energy
efficiency projects may enhance construction, engineering, and energy services jobs (Cagno et al., 2022). The
demand for competent energy-efficient building retrofitters and designers drives job opportunities in this industry.
Energy efficiency may encourage innovation in building techniques, materials, and technology, creating new busi-
ness possibilities and boosting the economy (Singh et al., 2023). The negative BEE coefficient for UHHI indicates
that residential buildings emit less CO». Energy efficiency in buildings and reduced heat intensity have significant
ecological effects. Energy-efficient building design reduces fossil fuel consumption, a major GHG gas emitter.
Energy-efficient architecture improves air quality and reduces climate change (Baba et al., 2022). Energy-efficient
building design aims to improve climate resilience. These features include better insulation, reflective roofing
materials, and efficient cooling systems. Such design elements can help mitigate the heat island effect by reducing
the absorption and retention of heat within urban areas. This, in turn, contributes to more comfortable living
conditions for residents and reduces the strain on energy resources during peak demand periods (Elaouzy& El
Fadar, 2022). Building energy efficiency promotes responsible resource management. Lower energy consumption
reduces electricity and natural gas demand, often generated through resource-intensive processes. By consuming
less energy, energy-efficient buildings help conserve non-renewable resources and alleviate pressure on energy
infrastructure (Islam et al., 2022).

Table 2. Panel Fixed Effect Regression Estimates, source: Author’s estimate.

IDependent Variable: UHHI

Variables Coefficient Std. Error t-Statistic Prob.

Constant 20.371 0.961 21.192 0.000
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IDependent Variable: UHHI

Variables Coefficient Std. Error t-Statistic Prob.
GREENSP -0.001 0.029 -0.059 0.952
BEE -0.072 0.027 -2.680 0.007
GRA 0.052 0.017 2.962 0.003
TCC -0.026 0.010 -2.600 0.009
RESIL 0.008 0.005 1.505 0.133
REC 0.023 0.009 2.541 0.011
RND 0.274 0.145 1.892 0.059
Cross-section fixed (dummy variables)
R? 0.996 F-statistic 4774.590
Adjusted R? 0.996 Prob(F-statistic) 0.000
Hausman Test Estimates
Chi-square Value d.f Prob.value
19.536 7 0.000

With a GRA coefficient of 0.052, increasing terrestrial protected area green roofs has little connection with UHHI.
Despite appearances, this relationship has significant ecological and economic effects for sustainable city growth.
Green roofs may cost extra money (Parsi et al., 2022). Since green roofs cost more to install and maintain, they
may have a positive coefficient. Even though plant growth cools UHHI, it may increase the price (Hussien et al.,
2023). Green roof soil and plant maintenance require considerable technological and structural upgrades. Ek-
mekcioglu (2023) suggests that these changes in building layout may inadvertently affect heat distribution in urban
areas. Increased weight and structural changes may explain the strong link between the green roof area and UHHI.
Shade and evapotranspiration cool green roofs, although they may retain heat. Tan and Wang (2023) suggest that
green roof design and materials may impact heat retention. Green roofs may sometimes capture and hold heat,
contributing to higher UHHI. This is crucial if plants and soil retain more heat than they cool. Urban environments
vary in height, materials, and land use. A green roof may change the climate (Fleck et al., 2022). These microcli-
mates generate temperature gradients that may raise UHHI in particular areas, depending on wind patterns and
nearby surfaces. Green roofs may lower UHHI depending on their surface interactions. Heat diffusion may be
altered by nearby paved areas or reflecting surfaces.

The TCC coefficient of -0.026 shows that when UHHI falls, canopy tree coverage increases, shading roads, walk-
ways, and buildings. Cooler surfaces may absorb less heat, lowering UHHI. Trees shade the area, making it cooler
and more comfortable to live and stroll in. A city's quality of life may affect its potential to attract residents and
tourists, according to Lachapelle et al. (2023). Urban communities with plenty of trees and greenery are more
desirable. Larger tree canopies boost aesthetic value and quality of life; hence, real estate in these places sells for
more. Trees unite people, increasing demand for houses and companies (Reidman et al., 2022). Preserving and
extending tree canopy coverage may boost real estate markets and pricing. When there are more trees, they filter
poisons and release oxygen, improving air quality. Poor air quality may induce costly respiratory illnesses, which
may have economic benefits. Reducing healthcare costs may boost residents' discretionary income and economic
well-being. Tree leaves release water vapour into the sky, reducing heat (Robineau et al., 2022). This cooling
process controls local temperatures by increasing humidity and releasing heat. Trees absorb pollutants and store
carbon dioxide, improving air quality, and evapotranspiration may cool cities with a thick canopy, reducing the
Urban Heat Island effect (Gao et al., 2022). Pollution reduction improves air quality, benefiting humans and the
environment. Air quality improvement may make a city more resilient and eco-friendly. Tree-canopy environ-
ments may attract many plant and animal species. By aiding pollination and pest control, biodiversity strengthens
ecosystems. A diverse urban ecology can improve environmental sustainability (Estrada-Carmona et al., 2022).
UHHI rises somewhat with renewable energy use (REC coefficient = 0.023). Renewable energy use may indicate
increased economic activity and energy demand in the studied country. Manufacturing, transportation, and infra-
structure development require more energy as the economy grows (Park et al., 2022). Due to this increasing energy
consumption, commercial activities, transportation networks, and industrial processes may create additional heat.
Renewable energy sources like solar photovoltaic panels can generate heat during energy conversion. Localized
heat waves may be exacerbated by this heat release in cities (Elavarasan et al., 2022). Renewable energy infra-
structure like wind turbines and solar farms may also change land use patterns and raise UHHI. Renewable energy-
dependent cities may grow quickly. Hotter cities may result from land cover changes, energy dynamics, and in-
creased impermeable surfaces, according to Ghosh et al. (2022). Even though renewable energy sources are cleaner
and greener, specific installations and technology may cause localized heat. Closely packed solar panels or con-
centrated solar power systems may emit localized heat (Fikri et al., 2022). When renewable energy installations
are concentrated in urban areas, this heat production may considerably impact UHHI.

Table 3. Robust Least Squares Regression Estimates by Country, authors estimate

Country GREENSP BEE GRA TCC RESIL REC RND Adj. Rn2-Stat
R? (Prob)

United -0.014 (0.675) -0.081 0.045 -0.017 0.006 0.019 0.201 0.512 765.012
States (0.005) (0.049) (0.321) (0.541) (0.178) (0.008) (0.000)

China -0.002 (0.921) -0.069 0.062 -0.028 0.013 0.027 0.256 0.786 4221.158
(0.007) (0.004) (0.009) (0.224) (0.002) (0.003) (0.000)
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Country GREENSP BEE GRA TCC RESIL REC RND Adj. Rn?-Stat
R? (Prob)

Germany -0.009 (0.743) -0.062 0.038 -0.021 0.007 0.023 0.192 0.503 621.025
(0.011) (0.119) (0.045) (0.511) (0.005) (0.014) (0.000)

Australia -0.007 (0.812) -0.053 0.049 -0.026 0.011 0.021 0.273 0.793 4925.019
(0.039) (0.007) (0.002) (0.291) (0.006) (0.005) (0.000)

Singapore -0.005 (0.859) -0.072 0.058 -0.024 0.009 0.031 0.214 0.801 4290.274
(0.003) (0.001) (0.011) (0.428) (0.003) (0.012) (0.000)

Brazil -0.012 (0.698) -0.075 0.034 -0.019 0.014 0.018 0.237 0.358 325.214
(0.002) (0.132) (0.251) (0.216) (0.267) (0.005) (0.000)

Japan -0.010 -0.066 0.041 -0.022 0.005 0.026 0.211 0.796 5225978
(0.049) (0.009) (0.042) (0.017) (0.592) (0.004) (0.009) (0.000)

United -0.013 (0.005) -0.078 0.047 -0.025 0.010 0.020 0.262 0.849 6358.580
Kingdom (0.002) (0.008) (0.003) (0.338) (0.013) (0.006) (0.000)

India -0.003 -0.071 0.053 -0.027 0.008 0.022 0.251 0.821 4925.792
(0.048) (0.005) (0.002) (0.006) (0.472) (0.009) (0.002) (0.000)

Spain -0.006 -0.063 0.039 -0.018 0.012 0.017 0.222 0.596 1121.412
(0.043) (0.013) (0.047) (0.299) (0.307) (0.313) (0.007) (0.000)

Italy -0.011 (0.711) -0.059 0.042 -0.020 0.009 0.024 0.248 0.758 4882.549
(0.021) (0.015) (0.041) (0.412) (0.005) (0.004) (0.000)

Mexico -0.008 (0.791) -0.074 0.037 -0.023 0.011 0.019 0.236 0.401 512.286
(0.004) (0.108) (0.012) (0.279) (0.164) (0.008) (0.000)

Turkiye -0.004 (0.882) -0.068 0.048 -0.029 0.007 0.025 0.229 0.724 4573.614
(0.006) (0.003) (0.007) (0.538) (0.003) (0.005) (0.000)

Note: Dependent Variable: UHHI (Urban Heat Island Intensity). Small bracket shows probability value.

A relationship between higher R&D investment and a minor rise in UHHI is indicated by the RND coefficient of
0.274. Spending more on research and development is a frequent indicator of confidence about the future of tech-
nology and the economy. Greater construction, more significant energy usage, and more transportation are the
outcomes of urbanization, which happens in parallel with increasing economies. The increased heat production
that accompanies increasing economic activity implies that these factors may aggravate the Urban Heat Island
effect. A possible result of research and development is the introduction of new technology, which may enhance
the production of heat (Lebrouhi et al., 2022). Technologically sophisticated firms or procedures may produce
thermoelectricity. New construction materials or methods may accidentally change urban heat dispersion. Tech-
nological advances may have unanticipated effects on urban life. Despite energy-saving developments, certain
technologies may enhance localized heat intensity (Nwaila et al., 2022). Heat from new energy systems, industrial
operations, or infrastructure expansions may be sacrificed for efficiency or sustainability. Research and develop-
ment may provide heat-reducing innovations. This may include reflective surface technology, superb roofing ma-
terials, and energy-efficient cooling systems (Morales-Inzunza et al., 2023).

The model includes cross-section fixed effect dummy variables for unobserved national variation. This controls
for country-specific variables that may affect UHHI. The R-squared value of 0.996 shows that the model accounts
for much UHHI variation using the specified variables. The F-statistic value indicates the statistical model's sig-
nificance throughout the model. The Hausman test shows that the fixed-effects model varies considerably from
the random-effects model. This suggests that the fixed-effects model is better at explaining UHHI differences.
Table 3 shows the robust least squares regression estimates by country for ready reference.

Robust Least Squares (RLS) regression in thirteen countries demonstrates a complicated relationship between
urban heat island intensity (UHHI) and other environmental factors. Green Space Area (GREENSP) significantly
influences UHHI in Turkey, India, Spain, and Japan, but not in the UK or India. In keeping with urban sustaina-
bility measures emphasizing green infrastructure, various countries have proven that increasing green space sig-
nificantly reduces UHHI. The positive correlation between the Green Space Area and reduced UHHI shows the
relevance of urban greening in lowering heat island effects, especially in highly populated regions. Green Space
Area non-nations like Brazil, Germany, and the US are statistically insignificant, suggesting that other urban at-
tributes may be more relevant in influencing urban heat island intensity. Because they minimize building heat,
energy-efficient structures lessen UHHI. All countries show a negative impact from building energy efficiency
(BEE). R&D investment supports this, demonstrating a positive and statistically significant influence across all
countries. This suggests that urban planning technologies might drastically reduce heat waves. Renewable energy
consumption (REC) and tree canopy coverage (TCC) have negative impacts, although their severity varies. The
cooling effects of urban greening efforts and tree coverage make TCC particularly significant in Singapore, China,
and Australia but not in Mexico or Germany. Renewable energy consumption considerably impacts India, China,
and Japan, supporting the hypothesis that clean energy may lower UHHI. However, in B

Brazil and Spain, this effect is not statistically significant.

Table 4. IRF Estimates, source: authors estimate

Years UHHI GREENSP BEE GRA TCC RESIL REC RND
2024 0.482 0 0 0 0 0 0 0
2025 0.266 -0.005399 -0.017248 0.001914 -0.050621 -0.026647 -0.025335 0.009904
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2026 0.364 -0.011059 -0.011131 0.003692 -0.014286 -0.041815 -0.018666 0.001686
2027 0.317 -0.015747 -0.019091 0.005996 -0.022360 -0.053471 -0.021550 0.003561
2028 0.339 -0.019853 -0.017771 0.006813 -0.010485 -0.059168 -0.019131 0.000921
2029 0.327 -0.023187 -0.020737 0.007484 -0.009120 -0.062100 -0.018960 0.000975
2030 0.332 -0.025927 -0.021085 0.007605 -0.003555 -0.062156 -0.017621 0.000121
2031 0.329 -0.028074 -0.022356 0.007535 -0.000690 -0.060578 -0.016834 3.21E-05
2032 0.330 -0.029728 -0.022891 0.007235 0.002888 -0.057690 -0.015839 -0.000151
2033 0.329 -0.030944 -0.023552 0.006826 0.005635 -0.054055 -0.015039 -6.28E-05

Essential service accessibility is crucial for urban growth, but the Resilience Factor (RESIL) is insufficient in most
countries, suggesting that it does little to fight urban heat islands. These results help us understand how environ-
mental variables impact UHHI in various country settings. They stress customizing mitigation strategies to each
country's urban and economic conditions, such as creating green spaces and improving building energy efficiency.
The findings emphasize integrating sustainable urban policy with technological innovation to reduce UHHI and
promote environmentally resilient city development. Urban planning requires context-specific methods since rel-
evance differs by country. Urban heat islands are a significant health and environmental issue in urbanizing re-
gions. Policies may address this by adjusting to local environmental, infrastructural, and technological conditions.
Given the diversity of urban contexts, this comprehensive approach ensures that environmental factors and UHHI
are not oversimplified. Table 4 shows the panel IRF estimates.

UHHI should rise significantly in 2024. Even when other variables remain constant, UHHI may be affected by
unanticipated factors like regional climate or urban growth. UHHI rose slightly in 2025, while GREENSP, BEE,
and TCC fell. The cooling benefits of reduced green space, building efficiency, and tree canopy coverage may be
outweighed, increasing UHHI. Land use changes, energy consumption, and urbanization may explain these de-
creases. Impulse responses show a modest rise in UHHI and slight declines in GREENSP, BEE, and TCC. Since
cooling devices and energy efficiency can affect heat intensity, urban design should prioritize them. The other
factors fade over time. RESIL gains are small, but REC and RND also change. Due to cumulative effects, heat
mitigation and sustainable urban development need a comprehensive plan considering several components. Finan-
cially, the decline in GREENSP may indicate land use changes or urbanization, which reduce natural cooling and
increase UHHI. Decreased BEE may indicate that buildings are less energy efficient, which could increase energy
consumption and heat production. These changes need green space and energy-efficient infrastructure. From an
ecological perspective, a drop in TCC may indicate fewer canopy trees, affecting shade and heat absorption. Urban
vegetation must be preserved and expanded to reduce heat intensity. REC and RND consequences emphasize the
challenges of treating UHHI concerns while fostering sustainable development and economic growth. UHHI's
next-decade variance decomposition study is given in Table 5.

Table 5. VDA Estimates for UHHI, source authors estimate

Years | S.E. UHHI GREENSP BEE GRA TCC RESIL REC RND
2024 | 0.482 100 0 0 0 0 0 0 0
2025 | 0.555 98.590 0.009 0.096 0.001 0.831 0.230 0.208 0.031
2026 | 0.666 98.443 0.034 0.094 0.003 0.623 0.553 0.223 0.022
2027 | 0.740 97.925 0.072 0.143 0.009 0.594 0.968 0.264 0.020
2028 | 0.817 97.588 0.118 0.164 0.014 0.504 1.318 0.272 0.017
2029 | 0.884 97.256 0.170 0.195 0.019 0.442 1.621 0.278 0.014
2030 | 0.947 97.013 0.223 0.220 0.023 0.386 1.842 0.277 0.012
2031 | 1.005 96.825 0.275 0.244 0.026 0.343 1.997 0.274 0.011
2032 | 1.061 96.699 0.326 0.266 0.028 0.309 2.090 0.268 0.010
2033 | 1.113 96.6184 0.373 0.286 0.029 0.283 2.135 0.262 0.009

Starting with 2024, the analysis indicates that the entirety of UHHI's variance is explained by its past values. This
implies that, for this specific year, external factors represented by the other variables might not be significantly
affecting UHHI. The immediate influence of the current UHHI value on its future variations highlights the im-
portance of understanding existing conditions. As we progress to the year 2025, a shift becomes apparent. While
UHHTI's past values still contribute significantly (98.6%) to its variance, other variables begin to show their influ-
ence. Green Space Area (GREENSP) plays a minor role, contributing 0.009% to UHHI's variance. This empha-
sizes the potential cooling effects of green spaces and their contribution to mitigating UHHI. Similarly, Building
Energy Efficiency (BEE) contributes 0.096%, indicating the modest impact of energy-efficient practices on reduc-
ing heat intensity. Tree Canopy Coverage (TCC) contributes a minimal 0.001%, suggesting the role of vegetation
in shading and cooling urban areas. Moreover, Resilience (RESIL) exhibits a larger impact of 0.23%, emphasizing
the importance of access to basic services and overall urban adaptability in influencing UHHI. This trend continues
over subsequent years, where UHHI's variance remains largely explained by its past values, reflecting the persis-
tence of temperature dynamics. Nevertheless, the collective influence of GREENSP, BEE, TCC, and other varia-
bles gains prominence. Although each variable's impact remains relatively small, their cumulative contributions
shape UHHI's trajectory over time. From an economic standpoint, these results underscore the continuous role of
current UHHI values in shaping future outcomes, suggesting that addressing current heat intensity challenges
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remains pivotal. However, the influence of various environmental factors is becoming evident. The significance
of green spaces, energy-efficient practices, tree canopy coverage, and urban resilience stands out as they contribute
modestly to mitigating UHHI. Environmental considerations are crucial. Given green spaces' cooling effects and
the need to conserve urban vegetation, development must balance with nature. Resilient urban design and energy-
efficient structures may also lower UHHI.

According to the results, sustainable urbanization involves integrated economic, ecological, and technological ef-
forts. The findings show that SDG-aligned urban sustainability projects must balance economic growth and envi-
ronmental protection. Energy efficiency, green spaces, and resilient communities reduce UHI. These efforts sup-
port goals 11 and 13. The study shows that SDG 7 may optimize renewable energy and research and development
efforts to promote climate resilience, notwithstanding a projected positive link with UHHI. These results recom-
mend data-driven SDG-aligned city design for metropolitan authorities to promote urban sustainability and climate
adaptation.

6. Conclusions and Policy Recommendations

This study examines the complex relationship between UHHI and economic and environmental factors in thirteen
countries from 2000 to 2022. Examining many significant patterns helps explain UHHI's complexity and interac-
tions with other factors. Panel fixed effect regression illustrates associate relationships with UHHI. The negative
associations between UHHI and building energy efficiency and tree canopy coverage show that energy-efficient
methods and urban vegetation may reduce heat intensity. UHHI is positively correlated with green roof area, re-
newable energy consumption, and R&D spending, demonstrating the intricate interplay of environmental variables
on urban temperature dynamics. IRF analysis improves understanding by forecasting near-term UHHI tendencies.
Numerous factors will affect UHHI in the future. To reduce UHHI, sustainable practices and urban adaptation,
green space area, building energy efficiency, resilience, green energy demand, and research and development ex-
penditures are stressed. UHHI benefits from strategic urban greening efforts, which include green space areas and
tree canopy coverage. The VDA calculates the relative value of each variable in explaining UHHI variance, adding
to these results. Many factors affect UHHI dynamics, while resilience is critical. Green energy, building energy
efficiency, tree canopy coverage, and green space area all contribute. These findings demonstrate the complexity
of UHHI and the need for sustainable urban planning in limiting its effects. Given rapid urbanization and climate
change, this research helps policymakers and stakeholders build resilient and livable cities. Heat intensity may be
addressed, and a sustainable urban future can be realized via energy-efficient measures, innovative urban greening,
and adaptability.

The study demonstrates that greater green space per capita helps lower city heat intensity, so governments should
prioritize building and preserving urban green areas. Governments and city planners should create legislative
frameworks to guarantee that new urban developments include adequate green space for all socioeconomic groups.
Rebates or incentives for urban afforestation, rooftop gardens, and vertical forests might encourage the private
sector to assist green cities. Energy efficiency in buildings reduces urban heat, prompting another legislative idea.
The study emphasizes the importance of energy efficiency standards in building laws, encouraging reflecting sur-
faces, passive cooling, and high-performance insulating materials. The government should mandate energy-effi-
cient building designs for new and retrofitted projects. Performance-based incentives and low-interest green loans
should encourage property developers and households to invest in energy-efficient equipment. The study shows
that renewable energy capacity and climate-responsive city design reduce urban heat islands. Policymakers should
prioritize integrating renewable energy sources like solar panels, wind turbines, and others into urban infrastructure
faster. Local governments should undertake grid upgrading, net metering, and feed-in tariffs to maximize local
renewable energy sources.

Urban planning guidelines should help urban infrastructure use natural ventilation and shade to cool, integrate
renewable energy, and construct climate-responsive buildings. Urban resilience indices minimize heat island ef-
fects. Therefore, robust locations suffer less damage. Resilience-focused policy initiatives incorporating adaptable
urban design solutions may help cities survive climate change-induced heat stress. Government climate adaptation
infrastructure expenditures should prioritize permeable pavements, heat-reflective surfaces, and intelligent cooling
networks that respond to temperature. Credible data-driven monitoring systems that track weather and other envi-
ronmental elements should support urban resilience strategies so policymakers can avoid urban heat. These policy
ideas align with the study's empirical findings and address the identified heat intensity reduction links between
green space, building efficiency, renewable energy, and urban resilience. Practical findings from these concen-
trated initiatives may enhance sustainable urban design and climate-responsive policy.
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