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Introduction

Today, more than half of the world’s population resides in urban areas, marking a
significant change from the predominantly rural life of past centuries. Urbanization is
most pronounced in better-developed regions, where more than 80% of inhabitants live
in urban areas, while in many less-developed countries, the majority of the population
still lives in rural areas (Ritchie et al., 2024). Projections indicate that by 2050, 68% of
the global population will live in urban areas, adding about 2.5 billion people to urban
centers, with nearly 90% of this growth concentrated in Asia and Africa. India, China and
Nigeria are expected to account for 35% of this increase, highlighting the critical need for
sustainable urban planning and infrastructure development to manage this unprecedented
growth (United Nations, Department of Economic and Social Affairs, Population Division,
2019).

This rapid urbanization compounds the challenges posed by climate change. The
atmospheric concentration of carbon dioxide continues to rise, with a global annual
increase of 0.8% between 2018 and 2022. Even with a hypothetical 1% annual reduction,
carbon neutrality targets remain unattainable within the next century (Draghi, 2024).
This highlights the urgent need for intensified decarbonization efforts. Climate change
consequences include prolonged heatwaves, more often and more severe hurricanes and
winter storms, water scarcity (Zachariah et al., 2024), floods (WMO, 2024), wildfire (Swain
etal., 2025), ocean acidification, and rising sea levels (Gwynn et al., 2024).

Mitigating these challenges calls for novel adaptation policies, technological
innovation, and international collaboration. Energy use, particularly electricity generation,
is a major greenhouse gas contributor (Li et al., 2024). In 2023, global electricity demand
reached 30,000 TWh, driven by economic growth, population increases, and electrification
(Ember, 2024). Furthermore, projections suggest that this demand will rise to 45,000 TWh
by 2030 and 60,000 TWh by 2050 (IEA, 2023a). Some theoretical studies suggest that
meeting this demand sustainably will require tripling renewable energy capacity by 2030
and exceeding 80% renewable penetration by 2050 (Hassan et al., 2024).

High-density urban areas are significant contributors to global energy consumption
and carbon emissions, accounting for 30% of global energy use and 37% of energy-related
CO; emissions in 2023, approximately 9.5 gigatons of CO, per year (IEA, 2023b,
2024). Additionally, the Urban Heat Island (UHI) effect—characterized by elevated
temperatures in dense urban areas compared to surrounding rural regions—exacerbates
energy demands for cooling and heating, worsens air quality, and reduces thermal comfort
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(Oke, 1982; Mohajerani et al., 2017).To address these challenges,
innovative solutions are essential. Among the most promising
is the integration of solar thermal technologies into public
infrastructure. These systems offer a dual benefit: they mitigate
the UHI effect while reducing carbon emissions and enhancing
energy efficiency. By harnessing the untapped potential of urban
surfaces such as roads, pavements, and rooftops, solar thermal
technologies align with broader sustainability goals and provide a
scalable solution to the pressing needs of rapidly growing urban
environments. This Specialty Grand Challenge article explores
the role of the integration of solar thermal technologies into
public infrastructure as a strategic approach to address these
challenges. It also determines the research agenda in this field,
with each of the sections discussing several major research
areas of interest including key trends and associated challenges.
By leveraging urban surfaces such as rooftops, pavements,
and roads, solar thermal systems can significantly contribute
to improving local thermal comfort, controlling buildings and
infrastructure surface temperatures, as well as reducing carbon
emissions through improving overall building and community
scale energy efliciencies.

Solar system integration in
high-density urban areas and
associated challenges

Promoting widespread renewable energy adoption in high-
density urban areas requires integrating solar energy with
numerous aspects of architectural and urban design (Peng et al.,
2020). However, this is a complex task due to various architectural
and functional challenges. For example, rooftops, often utilized for
photovoltaic systems, face limitations such as building complexity,
interference from the space heating and/or air conditioning
systems, as well as variable daily and annual shading (Ren
et al., 2022; Hassan et al., 2023). These factors can significantly
impact the system’s energy/thermal performance. Finally, it needs
to be remembered that urban areas usually face serious space
constraints that hinder the deployment of large-scale renewable
energy systems.

To overcome the above barriers, it is critical to explore
innovative technologies that utilize public spaces without
compromising their primary functionality. Leveraging public
infrastructure, such as streets, parking lots, and pavements, offers
an innovative line of solutions. In developed countries, streets
alone can account for about 20% of a city’s land area, while parks,
open spaces, and rooftops present further opportunities for solar
energy integration (EU Urban Mobility Observatory, 2021). Paved
surfaces across Europe and the United States are predominantly
composed of concrete and asphalt, which can reach elevated
temperatures during the summer months (Santamouris, 2013).
Research highlights that pavements account for nearly 29% of the
urban landscape in the United States. Additional studies cited in
Akbari and Rose (2001) and Gray and Finster (2000) for various
cities in the United States reveal that paved surfaces—such as
roads, sidewalks, and parking areas—constitute between 29% and
39% of the urban area. Strategically repurposing these surfaces
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for solar energy systems unlocks substantial renewable energy
generation potential, while preserving the primary functionality of
these spaces.

It is also worth mentioning, that, it has been already
demonstrated in numerous geographic locations that municipal
water reservoirs offer valuable passive solar solutions, such as
thermal energy storage and temperature control in urban settings
(Gross, 2017; Broadbent et al., 2018). These reservoirs can absorb
and store excess thermal energy captured from solar systems
during peak radiation periods. Stored heat can then be utilized
for district heating or converted into electricity using special heat
exchange systems (Sarbu and Sebarchievici, 2018). Additionally,
water reservoirs moderate local temperatures by absorbing heat
during the day and releasing it at night, helping to mitigate the
Urban Heat Island (UHI) effect (Van Hove et al, 2015). On a
community scale, this dual functionality reduces energy demands
for air conditioning, lowering greenhouse gas emissions while
enhancing local thermal comfort.

In the light of the above, the premise of integrating solar
technologies into public infrastructure, such as roadways
and pavements, seems to be particularly promising. These
often-underutilized areas/surfaces can be transformed into
multifunctional solar energy assets. For example, roadways
equipped with solar thermal collectors can capture and store
heat during the day, contributing to district heating systems and
reducing dependence on fossil fuels. This approach also mitigates
the UHI effect, improving thermal comfort in densely populated
areas. By optimizing urban spaces for dual purposes, such as energy
generation and their original use, cities can enhance sustainability,
address space constraints, and accelerate their transition to a
low-carbon future. These strategies align with broader urban
planning goals, demonstrating the feasibility of renewable energy
adoption even in the most challenging contexts.

It needs to be also considered that economic, regulatory, and
social factors further complicate the adoption/incorporation of
solar technologies in urban environments. High upfront costs,
aesthetic concerns, and competing urban priorities often deter
investment and public acceptance. Integrating solar technologies
with existing infrastructure and ensuring compliance with local
regulations is especially challenging in retrofitting projects,
often requiring costly modifications. Addressing these challenges
necessitates equally innovative architectural/urban designs, novel
solar energy integration strategies, and often, creative code
compliance approaches.

Technology innovation for solar
thermal exploitation and potential
research and development (R&D)
trends in urban areas

This section outlines several promising areas of solar thermal
technologies to be used in the urban environment. Specifically,
it discusses them as potential future components of a broad
research agenda in this field, with each of the subsections
introducing a major research area of interest, including key
trends and summarizing research challenges. Pavements and road
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surfaces may play a critical role in absorbing and storing solar
radiation, which amplifies local temperature increases, contributing
to the urban heat island (UHI) effect (Carniclo and Zinzi,
2013). Addressing these capabilities requires an implementation
of sustainable urban design strategies, such as for example
cool pavements utilizing innovative surfaces designed to reduce
temperatures and enhance thermal comfort. Cool pavements can
be classified as reflective, evaporative, and heat-harvesting systems
(Qin, 2015).

Reflective pavements

Reflective pavements utilize materials with high albedo (high
reflectivity of solar radiation from a surface) to reflect solar
radiation, thereby reducing surface temperatures. For example,
studies have shown that increasing surface reflectivity can lower
peak temperatures by 2-4°C in urban areas, significantly improving
local thermal comfort (Donthu et al., 2024). Reflective coatings
developed using high visible and near-infrared reflectance have
demonstrated temperature reduction of up to 12°C under field
conditions (Santamouris, 2013; Kousis and Pisello, 2023). Large-
scale implementations, such as in Athens, Greece, achieved surface
cooling effects of up to 11°C and near-surface air temperature
reductions of up to 1.5°C (Kyriakodis and Santamouris, 2018).
Similarly, researches by the Lawrence Berkeley National Laboratory
(LBNL) Heat Island Group (Brown, 2018; Mohegh et al., 2018; Taha
etal, 2018) demonstrate that increasing neighborhood-scale albedo
through cool roofs and reflective pavements can effectively lower air
temperatures. Their studies indicate that enhancing surface albedo
across urban landscapes contributes to a measurable decrease in
daytime air temperatures, especially in heat-prone regions such as
Los Angeles, offering simple, low-cost, scalable solutions to combat
urban heat islands. Robinson et al. (2024) emphasize the potential
of cool pavement technologies, demonstrating that increasing
neighborhood-scale albedo by factor of 0.1 can achieve average
air temperature reductions of 0.75-1.1 K, with notable localized
cooling benefits. For pavements, their findings indicate that
increasing albedo from 0.15 to 0.25 significantly enhances cooling
effects, highlighting their importance in promoting sustainable
urban development (Robinson et al., 2024).

Evaporative pavements

Evaporative pavements, on the other hand, incorporate water-
retentive materials that cool the surrounding air through latent heat
transfer. Research indicates that permeable pavements can lower
surface temperatures by 10-25°C during wet conditions compared
to impermeable surfaces (Li et al., 2013). Such systems have proven
effective in Tokyo, where water-retentive pavements reduced
temperatures by 13-19°C (Takahashi and Yabuta, 2009). However,
their performance is highly dependent on local climatic conditions
and water availability, which may limit their performance in
arid regions.
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Heat harvesting pavement systems

Heat-harvesting systems, referred to as Urban Area Thermal
Collectors (UATCs), are designed to capture solar energy absorbed
by asphalt and reuse it for practical thermal applications, such
as heating, snow melting, and energy storage (Bobes-Jesus et al.,
20135 Pei et al, 2021). These systems integrate embedded heat
exchangers with road or pavement structures, where absorbed
solar energy is transferred to a working fluid. UATCs have
demonstrated seasonal energy storage efficiency of 17% and surface
temperature reductions of up to 7°C in experimental conditions
(Zhou et al., 2015). Similarly, advanced simulations by Ma et al.
(2022) showed that pavement-integrated solar thermal (PIST)
systems could reduce asphalt temperatures up to 10.6°C and
achieve an energy efficiency of 37.3%, further supporting their role
in mitigating urban heat island effects (Ma et al., 2022). It is worth
considering that UATCs are relatively inexpensive and simple to
install, which renders them an excellent sustainable strategy for
infrastructure retrofit/resurfacing works. They can be embedded
beneath various urban surfaces, such as roads, pavements, and
parking lots, eliminating the need for additional land and making
them particularly suitable for densely populated areas.

Integration strategies with thermal storage

In colder climates, UATCs are particularly effective in
preventing road freezing, significantly improving road safety
during winter. For instance, a UATC system in South Korea not
only reduced surface temperatures by 10-12°, during summer
months, but also in winter, it lowered snow melting energy
demands by 35% (Hyun et al., 2024). Similar technologies can be
integrated with Borehole Thermal Energy Storage (BTES) systems,
allowing surplus heat collected during summer to be stored
underground, and utilized during winter months. This integration
enhances system efficiency and reliability (Yang et al., 2021; Mohebi
and Roshandel, 2023; Simpson et al., 2024). A study demonstrated
that in central Sweden climate, hydronic heating pavement
combined with a BTES system harvested 352.1 kWh/m® annually,
significantly exceeding the 81.2 kWh/m? required for anti-icing
operations. Additionally, these systems reduced the number of
slippery hours on roads by 65% during winter and lowered
summer road surface temperatures by 5.1°C (Mirzanamadi et al.,
2018).

UATCs and thermal storage can be also integrated with
neighboring buildings. In the Netherlands, a pilot project, which
combined UATCs with BTES, demonstrated a 25% reduction in
heating energy costs in integrated adjacent buildings, underscoring
the economic and environmental benefits of UATC applications
(Pei et al, 2021). Finally, by integrating UATCs with advanced
underground or urban-scale thermal storage, surplus heat can
be effectively collected and utilized across seasons. This seasonal
energy management strategy balances energy supply and demand,
reducing peak loads and supporting better integration of buildings
and communities with the electric power grid. Through their ability
to harness existing urban surfaces while preserving their primary
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(a)

FIGURE 1

Urban area thermal collector (a) and borehole thermal energy storage system (b) under construction at the University of Palermo campus.

(b)

functionality, UATCs provide a scalable, sustainable solution to
urban energy challenges.

Cool pavements and urban area
thermal collectors: example of simple,
practical, and affordable urban solar
applications

Cool pavements and UATCs are cost-effective and practical
solutions for improving local thermal comfort and enhancing
urban sustainability. By utilizing existing urban surfaces such as
roads, pavements, and parking lots, these systems absorb and utilize
solar energy to reduce reliance on fossil fuels and, during summer,
mitigate local ambient temperatures. Their integration into public
infrastructure optimizes energy generation without involving
additional grounds, or structures. Key advantages of UATCs
include their adaptability, simplicity, and low implementation cost.
Unlike conventional solar panels, which often require significant
structural modifications, UATCs can be incorporated into existing
surfaces with minimal construction disruption. Considering that
this infrastructure must be periodically maintained/resurfaced, this
approach can be a cost-effective solution. Asphalt and concrete,
which inherently absorb and store heat, form the foundation
for these systems, reducing the need for significant additional
investments. Furthermore, combining these systems with seasonal
thermal storage enhances energy efficiency, allowing the collection
of surplus heat during the summer, to be used in winter.

For example, studies have demonstrated that the long-
term cost-effectiveness of integrating UATCs with geothermal
or hydronic systems and seasonal energy storage may yield
high coefficients of performance (COP) of 4-5, compared to
conventional systems with a COP of 1.0 (Jaiswal et al, 2023).

Frontiersin Sustainable Cities

Furthermore, their ability to reduce surface temperatures not only
mitigates the UHI effect but also helps prolong pavement lifespan,
reducing maintenance costs and conserving natural resources
(Wang et al., 2021; Seifeddine et al., 2023). In prototype installation
by the University of Palermo (UNIPA) (see Figuresl, 2) an
absorbent surface in a parking lot was combined with seasonal
geothermal storage to power high-efficiency heat pumps for winter
heating. This approach reduced university campus heating costs
and mitigated UHI effects without compromising the primary
functionality of urban surfaces (Buscemi et al., 2023). By leveraging
the potential of existing infrastructure, these systems demonstrate
how innovation can transform ordinary urban infrastructure into
multifunctional assets. The adaptability, scalability, and low cost
of UATCs make them an essential tool for addressing urban
energy challenges, contributing to climate resilience and long-
term sustainability.

The role of a numerical modeling in
advancing UATC systems: current
trends and future research directions

Numerical modeling is a cornerstone for the development,
integration, and optimization of Urban Area Thermal Collector
(UATC) systems. Beyond its role in evaluating system performance,
numerical modeling serves as a crucial driver for defining future
in this field. This section outlines the

major areas of interest in UATC modeling, identifies current

research directions

challenges, and highlights key opportunities for advancing research
and technological innovation. By framing this discussion
within an agenda of research priorities, the objective is
to illustrate a roadmap for further developments in UATC
numerical modeling.
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FIGURE 2

Aerial view of the parking place over the road thermal collector—University of Palermo campus.

Thermal performance optimization models

Numerical models have been employed to optimize the
thermal performance of UATC systems, particularly in urban
pavements and roadways. Computational Fluid Dynamics
(CFD) simulations allow the influence of variables such as pipe
spacing, fluid flow rates, and material properties on energy
efficiency to be evaluated. For example, simplified models
designed for pavement solar collectors have shown thermal
efficiencies reaching 49% under optimized
and Adl-Zarrabi, 2020).

approaches integrating street canyon dynamics with solar

configurations
(Johnsson

Coupled modeling

system performance have revealed reductions in surface
temperature by up to 10°C and near-surface air temperature
decreases of up to 4.6°C (Xu et al, 2021). These findings
underscore the crucial role of numerical simulations in refining
system configurations, ensuring optimal performance before

large-scale implementations.

Cooling strategies and urban heat island
mitigation

Advances in cool pavement technologies have benefited from
modeling approaches that support the integration of innovative
materials, such as phase-change components, which improve
energy performance and durability (Anupam et al, 2021).
Observations in Los Angeles show that increasing albedo by 0.1
reduces daytime air temperatures by up to 2.8°C and nighttime
temperatures by 0.9°C (Taha et al., 2018). Similarly, a 0.1 increase
in vegetation canopy cover can lower nighttime air temperatures by
up to 1.5°C (Mohegh et al., 2018).

Frontiersin Sustainable Cities

In addition to direct cooling, hydronic systems integrated with
UATC technologies have demonstrated significant potential for
reducing surface temperatures and optimizing energy harvesting
processes. Simplified models, like those designed for pavement
solar collectors, allow for efficient evaluation of energy transfer
processes, making them particularly valuable during early design
stages (Ghalandari et al., 2021). For example, Ghalandari et al.
developed a simplified model to evaluate the thermal performance
of pavement solar collectors, highlighting key parameters like pipe
spacing and material properties (Ghalandarietal.,, 2021). Zhou et al.
validated the cooling benefits of such systems, showing reductions
of up to 7°C in pavement surface temperatures and a thermal
storage efficiency of 17% (Zhou et al., 2015). Field studies and Finite
Element Method (FEM) simulations have further validated these
findings. In Sweden, the HyRoSim model was employed to assess
a 70 m> pavement solar collector, demonstrating precise energy
output predictions and system reliability (Johnsson and Adl-
Zarrabi, 2020). Similarly, two-dimensional transient models have
been developed and validated to simulate pavement-integrated
solar thermal (PIST) systems. These simulations revealed asphalt
temperature reductions of up to 10.57°C and energy efficiencies
exceeding 37% under optimal conditions (Ma et al, 2022).
The Lawrence Berkeley National Laboratory (LBNL) further
investigated the impact of reflective surfaces such as cool roofs
and pavements. Modeling revealed potential temperature drops
of up to 6.56°C under extreme conditions, with mean daily air
temperature reductions of 1.84°C observed in Central Los Angeles
when roof albedo was increased by 0.1, compared to 0.25°C in the
San Fernando Valley (Mohegh et al., 2018).

Numerical analysis plays also a pivotal role in assessing
UATC systems’ effectiveness in reducing urban heat. Reflective
and evaporative cooling pavements have been modeled to
quantify their impact on urban microclimates. For example,
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Nasir et al. (2021) demonstrated that Road Pavement Solar
Collectors (RPSCs) embedded in urban canyons can achieve
surface temperature reductions of up to 8°C and ambient
air temperature drops of approximately 0.8°C under optimal
configurations. Krayenhoff et al. provided a systematic review
emphasizing that albedo modifications and green infrastructure
interventions can yield cooling effects ranging from 0.2°C
to 0.6°C for every 0.1 increase in neighborhood albedo,
highlighting the role of reflective materials in mitigating urban
heat (Krayenhoff et al, 2021). CFD and ENVI-met simulations
have highlighted the potential of water-retentive pavements
in reducing surface temperatures by leveraging evaporation as
a cooling mechanism. For instance, the REALCOOL project
demonstrated that incorporating shading, ventilation, and water
mist features alongside evaporative cooling pavements can reduce
air temperatures by up to 0.6°C and Physiological Equivalent
Temperature (PET) by up to 1.9°C in compact urban environments
(Jacobs et al., 2020). Moreover, evaporative pavements studied in
Wuhan revealed that water-cooling intensity varies significantly
with urban form, suggesting that larger impervious surface areas
in proximity to water-retentive pavements enhance cooling effects
(Luetal, 2024). These findings underscore the importance of urban
form considerations in maximizing the effectiveness of evaporative
cooling strategies.

Integration with renewable energy storage

Numerical methods have been widely used in the study of
Borehole Thermal Energy Storage (BTES) and Road Thermal
Collector (RTC) systems. FEM-based simulations have been
applied to optimize the arrangement of borehole heat exchangers
(BHEs), assess thermal conductivity variations in different soil
layers, and predict temperature profiles in operational systems
(Yang et al., 2021; Mohebi and Roshandel, 2023). Similarly, studies
in Antwerp and Adelaide have utilized TRNSYS and COMSOL
Multiphysics to simulate the long-term viability of these systems,
demonstrating substantial heating cost reductions and improved
system efficiencies (Ghalandari et al., 2022; Motamedi et al., 2022).

In a Mediterranean context, a validated numerical model
combining FEM and TRNSYS was developed to analyze the thermal
performance of an integrated UATC-BTES system (Buscemi et al.,
2023). Experimental data from thermal sensors embedded in
the pavement stratigraphy and BHEs were used to calibrate
the model, ensuring high accuracy in replicating real-world
conditions. Simulations revealed that the seasonal storage efficiency
of the BTES could reach up to 80%, with fluid temperatures of
approximately 45°C achieved during peak summer months. This
integration allowed for a significant reduction in borehole length
compared to conventional geothermal systems (Buscemi et al,
2023).

Numerical modeling is a key element in the wider effort
to integrate solar thermal solutions into urban environments.
Refining simulation capabilities and validating results through real-
world applications can accelerate the deployment of UATC systems,
contributing to the broader climate-resilient urban development
agenda. By addressing these challenges, future research on
numerical modeling will play a key role in optimizing UATC
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systems for sustainable urban environments. These methodologies
ensure that UATC systems are not only efficient and scalable
but also adaptable to the evolving demands of sustainable
urban development.

Future research directions in numerical
modeling for UATCs

Despite significant advancements, there are still several key
research areas that require further exploration to enhance the
effectiveness of numerical modeling for UATC systems:

e Hybrid modeling approaches: Integrating machine learning
with CFD/FEM  methods
computational time while improving predictive accuracy.

techniques could reduce
Hybrid models could enable real-time optimization of UATC
systems in dynamic urban conditions.

e Dynamic urban climate interactions: Current models often
simplify urban microclimatic effect. Advancing multi-layered,
high-resolution urban models that incorporate wind patterns,
radiation exchange, and anthropogenic heat sources will
improve accuracy.

e Multiscale modeling  strategies: Developing a more
comprehensive framework that links microscale thermal
interactions (pavements, roads) with macroscale energy
systems (district heating, smart grids) will facilitate integrated
urban energy planning.

e Experimental validation of large-scale deployments: Despite
promising numerical results, large-scale pilot projects remain
limited. Expanding real-world experimental validation of
UATC systems will enhance model reliability and support their
adoption in urban policies.

e Economic and policy integration: Integrating cost-benefit
analyses and regulatory frameworks into UATC models will

facilitate adoption by urban planners and policy makers.

By addressing these challenges, future research in numerical
modeling will play a pivotal role in optimizing UATC systems
for sustainable urban environments. These methodologies ensure
that UATC systems are not only efficient and scalable but also
adaptable to the evolving demands of climate resilience and
urban sustainability.

Conclusions

High-density urban areas are significant contributors to global
energy consumption and carbon emissions. However, these areas
also belong to the most promising ways in the potential integration
of solar thermal technologies into public infrastructure. The urban
area-integrated solar systems offer unique benefits, including the
reduction of carbon emissions, while enhancing energy efficiency
and mitigating the UHI effect. By harnessing the untapped potential
of urban surfaces such as roads, pavements, and rooftops, solar
thermal technologies align with broader sustainability goals and
provide a scalable solution to the pressing needs of rapidly growing
urban environments.
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This
transformative potential of Urban Area Thermal Collector

Specialty Grand Challenge article outlines the
(UATC) systems and in addressing contemporary urban energy
and climate changes. The findings presented here provide a
foundation for interdisciplinary collaborations, large-scale pilot
studies, and policy-driven innovation. Future efforts should
aim at bridging the gap between numerical simulations and
real-world applications, ensuring that urban energy solutions
are not only technically feasible but also economically and
socially viable.

The most effective approaches are associated with the
integration of reflective (cool) surfaces and/or evaporative
pavement systems, applied alongside UATCs. They can amplify
cooling effects, with reflective surfaces and by utilizing evaporative
cooling energy, which yields, not only the reduction of surface
temperatures but also, lower the ambient air temperatures during
the cooling season.

Further improvements in thermal performance can be
achieved by the integration of UATCs with thermal energy
storage. For instance, systems incorporating UATCs and Borehole
Thermal Energy Storage (BTES) demonstrate seasonal energy
storage efficiencies of up to 17% while reducing road surface
temperatures by 7°C (East-Central China, Sicilia). In the case
of evaporative pavements, surface temperatures can be lowered
by as much as 25°C (Zhou et al., 2015). In colder climates,
in addition to reducing summer surface temperatures (10-
12°C in South Korean climate), the UATCs technology has
also shown effectiveness in preventing road freezing, and by
cutting snow-melting energy demands by 35%, or reducing
the number of slippery hours on roads by 65% (in Sweden
climate). Numerous studies performed with a wide variety of
advanced numerical models (both, commercially available tools,
and custom programs) further underscore these systems’ potential,
revealing high energy storage efficiencies and localized surface
cooling effects.

Beyond thermal benefits, UATCs contribute to decarbonization
by repurposing existing infrastructure. A Dutch pilot project
integrating UATCs with BTES achieved a 25% reduction
in heating costs for adjacent buildings, demonstrating their
economic feasibility.

While significant advancements have been made, several

challenges remain. The large-scale deployment of UATC
technologies requires further investigation into long-term
durability, maintenance requirements, and lifecycle costs.

Additionally, further research should explore innovative materials,
adaptive control strategies, and hybrid energy integration
approaches to maximize efficiency. Addressing these challenges
is crucial for improving the feasibility and economic viability of
UATC systems.

Further research should prioritize:

e Optimization of thermophysical properties of materials to
enhance system efficiency across diverse climatic conditions.

e Development of advanced control algorithms to adapt UATC
systems dynamically to changing urban energy demands.
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e Comprehensive economic analyses to balance installation and
operational costs with long-term energy savings.

e Integration of UATC technologies into urban energy
grids to maximize synergies with district heating and
cooling networks.

By focusing on these areas, cities can accelerate their transition

toward low-carbon, climate-resilient futures. International
collaboration and continued innovation will be essential to
redefining urban energy infrastructures and ensuring that UATC
systems contribute meaningfully to global sustainability goals.
Establishing a dedicated research agenda for UATCs will drive
further advancements, bridging the gap between technological

potential and large-scale implementation.
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