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1. INTRODUCTION

1.1 Purpose

Global climate change leads to increased ambient temperatures, causing buildings to overheat and
demand more energy while worsening indoor environmental quality. Urban Heat Island (UHI)
effects, caused by local warming in urban areas, further exacerbate these challenges. Existing Urban
Building Energy Modelling (UBEM) struggles to address UHI due to limited data on microscale
climatic conditions and detailed mapping of urban areas. The CRiStAll project aims to address these
gaps by creating detailed climatic datasets and exploring different urban configurations at the
microscale.

Under the CRIiStAll project, three interconnected research lines are developed. These include:

(A) building an urban climate model that incorporates the impacts of the Urban Heat Island (UHI) at
the microscale, as well as the short-, mid-, and long-term (future weather data) consequences of
climate change;

(B) putting the archetype-based Urban Building Energy Model (UBEM) into practice using typical
urban environment configurations (street canyons);

(C) evaluating the impact of climate resilience and UHI reducing methods in urban locations.

Within Work Package 4, “Resilient and Mitigating Strategies,” which addresses Research Line C, the
effect of climate-resilient UHI mitigation strategies in urban context configurations will be evaluated
across short, mid, and long-term scenarios. Task 4.1, “Definition of Climate-Resilient and Mitigating
Strategies,” focuses on analysing and selecting the most effective climate-resilient cooling strategies
to tackle the challenge of mitigating UHI effects both in the present and in a warming future.
Furthermore, an evaluation of the benefits and limitations of the identified categories of cooling
strategies is included.

1.2 Deliverable structure

This deliverable is structured into three sections, outlining the analysis and selection of climate-
resilient cooling strategies to address Urban Heat Island (UHI) effects in both the present and a
warming future. Section 1 serves as the introduction, detailing the purpose (1.1), deliverable structure
(1.2), and partner contributions to Task 4.1 development (1.3). Section 2 focuses on the identification
and description of climate-resilient and UHI-mitigating strategies, categorized into nature-based
(2.1), grey (2.2), and soft solutions (2.3). Lastly, Section 3 presents a comparative analysis of these
strategies, evaluating their effectiveness, benefits, and limitations for application in urban context
configurations.

1.3 Contribution of partners

POLITO led the task and wrote the deliverable with contributions from the partners involved. It
carried out the categorization and the state-of-the-art analysis of different climate-resilient cooling
strategies.




MISSIONE 4
ISTRUZIONE
RICERCA

UniTS participated in the analysis and categorization of climate resilient cooling strategies, focusing
on the indoor environment and physiological aspects of residents, considering comfort and health
issues, with a focus on fragile people. UniTS also contributed to drafting this deliverable.

2. CLIMATE RESILIENT AND UHI MITIGATING STRATEGIES

The challenges of global climate change and urbanization, particularly the Urban Heat Island (UHI)
effect, demand innovative and integrated strategies to mitigate their impacts effectively. To accelerate
the transition toward resilient built environments, it is essential to support and mainstream low-energy
and low-carbon cooling systems. As outlined by IEA-EBC Annex 80, climate-resilient cooling
solutions are those that mitigate the negative environmental impacts while also adapting to future
scenarios to address and prevent emerging risks proactively.

This section introduces three main categories of climate-resilient strategies: nature-based solutions
(leveraging natural systems), grey solutions (referring to design and interventions in the built
environment), and soft solutions (operational and behavioural measures). These strategies
collectively aim to combat urban overheating, improve energy efficiency, and enhance thermal
comfort across diverse urban contexts.

2.1 Nature-based solutions

2.1.1 Green infrastructure

Green infrastructure (GI) has proved to be among the most effective solutions to alleviate the impacts
of UHI caused by excessive urbanisation (Figure 1). Different factors can create variations in the
effects of GI on reducing the UHI risk. A study by Gunawardena et al. (2017) shows that Gl has an
effective cooling effect on urban areas through evapotranspiration, shading, and increased surface
roughness. Greenspaces that are dominated by trees are particularly beneficial in reducing heat stress
during peak periods. The other determinant variables are the size, geometry, and spatial distribution
of greenspaces, which can significantly influence the overall cooling impact. The study shows that
although vegetated surfaces on buildings, such as green roofs and walls, provide localized cooling
within the urban canyon scale, their broader impact on urban heat reduction remains limited as their
cooling effects are confined to their immediate surroundings. The study suggests policymakers to
prioritise urban greening initiatives and safeguard peripheral greenspaces to enhance climate
resilience. Tiwari et al. (2021) examine the effects of existing and hypothetical Gl on UHI formation,
considering baseline GI coverage, a no-Gl scenario, and hypothetical implementations of green roofs,
grasslands, and tree cover. In line with the previous study, results reveal that trees are the most
effective GI for UHI mitigation, reducing temperature by up to 2°C compared to grasslands. Green
roofs, while limited in their impact at the city scale, demonstrate potential for localized temperature
reductions. The study highlights that temperature variations are influenced by land use, anthropogenic
heat emissions, and GI characteristics, emphasizing the importance of strategic Gl planning for UHI
risk mitigation.

Demuzere et al. (2014) emphasize the multiple benefits of green infrastructure, showing its ability to
balance water flows, provide thermal comfort, and their effect on CO capture. The study reveals that
these benefits vary across cities and neighbourhoods. Sharma et al. (2016) conducted simulations in
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the city of Chicago to analyse the effect of green roofs on mitigating UHI risk, revealing that we can
reduce daytime roof temperatures up to 3 °C by increasing the fraction of green roofs. However, the
study also warns that green roofs might reduce air mixing, which could lead to poor air quality near
the surface. The spatial configuration influenced by planning traditions of urban green infrastructure
is another critical factor that affects the impact of green infrastructure. A study by Nastran et al.
(2019) examines the relationship between green land use and UHI magnitude across 302 European
cities, showing that the effectiveness of green infrastructure varies across different planning families,
with northern and southern European cities showing contrasting outcomes due to variations in
vegetation type and forest structure. Northern European cities see less cooling from coniferous
forests, while southern cities benefit more from deciduous forests and aggregated green spaces. The
study shows the importance of regional climate and the spatial distribution of green spaces in reducing
urban temperatures and enhancing climate resilience. Larsen (2015) focuses on the broader societal
benefits of green infrastructure, highlighting its role in reducing health risks during extreme heat
events, particularly for vulnerable populations. This study stresses the importance of comprehensive
planning to integrate green infrastructure effectively into urban spaces, guaranteeing improved air
quality, enhanced stormwater management, and social equity.

Reflected solar radiation

Absorbed solar radiation (due to GIs)

(absence of Gls)

Evapotranspiration
(due to GIs)

Absorbed hea
release (absence o

Figure 1: Mitigating Urban Heat Island Effects Through Green Infrastructure Strategies (source: Tiwari et al., 2021)

In summary, these studies emphasize the critical role of green infrastructure in mitigating UHI risk
in urban areas, highlighting the importance of strategic implementation tailored to spatial scale to
maximize its effectiveness.

2.1.2 Blue infrastructure

Blue infrastructure is effective in mitigating extreme heat in urban areas through evaporative
processes and thermal inertia (Gunawardena et al., 2017). The size of water bodies significantly
influences their cooling capacity, with larger ones providing stronger and more widespread effects,
although they may contribute to nocturnal warming due to slower cooling rates. Wu et al. (2019)
highlight a logarithmic relationship between water body size and land surface temperature reduction,
emphasizing the critical roles of size and shape in cooling efficiency. Similarly, Antoszewski et al.
(2020) analysed factors like water body geometry, location, and urban morphology, advocating for
the integration of blue and green infrastructure to enhance cooling effects. Larsen (2015) extends this
perspective, noting that blue infrastructure offers additional ecosystem services such as stormwater
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management, air quality improvement, and aesthetic benefits, making it a vital nature-based solution
for mitigating UHI and climate change.

2.2 Grey solutions

2.2.1 Reflective cooling materials

Reflective cooling materials play a critical role in combatting the urban heat island (UHI) effect by
minimizing heat absorption on surfaces. These materials are particularly effective on buildings and
pavements, where they help lower surface temperatures, enhance thermal comfort, and reduce both
cooling energy demand and peak electricity usage. In a study, Synnefa et al. (2007) highlight that
solar reflective and infrared emissivity coatings not only improve building performance but also cool
surrounding urban areas, reducing ambient air temperatures and heat stress. Similarly, Levinson et al.
(2010) explore "cool-coloured” finishes, which use near-infrared reflective pigments and can lower
surface temperatures by as much as 15 °C compared to traditional coatings (see Figure 2 for a
comparison of black versus white roof performance).

When sunlight When sunlight
hits a black roof: hits a white roof:
38% 10%

heats the atmosphere heats the atmosphere
heats the city air heats the city air
is reflected is reflected
4.5% 1.5%

heats the building ‘ heats the building
BlackRoof . White Roof
80°C(177°F) 44°C(111°F)

Air Temperature 5 Air Temperature
37°C(98°F) ¥ 37°C(98°F)

Figure 2: Impact of sunlight on black and white roofs: Distribution of heat absorption, reflection, and emission
(source: Global Cool Cities Alliance Guide,2012)

Reflective materials also significantly contribute to increasing urban albedo. Santamouris et al. (2011)
discuss their application on roofs and pavements, noting their ability to enhance thermal comfort and
improve air quality by reducing smog production and energy consumption. However, they stress the
need for thoughtful planning to avoid issues like glare or heat being reflected onto nearby spaces. Li
et al. (2013) reinforce these findings, presenting field measurements showing that reflective
pavements can reduce surface temperatures by up to 10 °C during peak solar radiation. Their
adaptability to various climates and seasons underscores their broad applicability.

Despite these benefits, there are challenges. For example, Khan et al. (2022) warn that reflective
materials may lead to overcooling during winter, increasing heating demands. To mitigate this,
optically modulated materials with adjustable reflectance and emissivity have been proposed to
balance seasonal performance. Furthermore, Yuan et al. (2016) emphasize the role of urban geometry,
noting that interbuilding heat reflections can limit the effectiveness of reflective materials, making
strategic design and placement crucial.
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In summary, reflective cooling materials offer significant potential to mitigate UHI effects by
reducing localized and city-scale temperatures. However, to maximize their effectiveness and avoid
unintended consequences, careful implementation is required, considering material properties, urban
geometry, and seasonal performance.

2.2.2 Solar shading technologies

Solar shading technologies reduce solar heat gain, enhance energy efficiency, and improve thermal
comfort in built environments. Solar shading can be provided by urban greenery, building layouts,
and facade design. Solar shading technologies can also be integrated with other types of cooling
solutions, such as vegetation and photovoltaic systems. For example, solar shading technologies at
the urban scale, such as photovoltaic integrated shading strategies (PVIS), provide a dual benefit of
generating renewable energy and reducing building cooling loads, which makes them particularly
effective in dense cities. By integrating these shading technologies into building facades and
optimizing urban block layouts to reduce inter-building shading, cities can achieve significant energy
savings and enhance the economic viability of renewable energy systems in urban contexts, especially
in compact and high-density areas (Mendis et al., 2020).

Shading devices and facade self-shading strategies can diminish the amount of solar radiation
absorbed by urban surfaces so that they help to reduce surface and air temperatures in cities. This
mitigates the intensity of the UHI effect, especially in densely built environments (Valladares-Rendén
et al., 2017). Another study by Garcia-Nevado et al. (2020) in Cordoba, Spain, demonstrates that
urban canopy shadings can lower the ground temperatures of urban pavements by up to 16°C and
facade temperatures by up to 6°C, significantly mitigating urban surface overheating. These devices
reduce solar radiation absorption in urban canyons (Figure 3), enhancing pedestrian thermal comfort
and decreasing cooling energy demands. This study highlights sun sails as a practical, adaptable, and
efficient solution for heat mitigation in dense urban environments.

a) Without urban sun sails

Figure 3: the effectiveness of urban solar shading devices on direct solar radiation impinging over the pavement in a street in Spain.
Gondomar St between 15 May and 15 September, with and without urban canopy shading (source: Garcia-Nevado et al., 2020)
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At the building level, solar shading systems can effectively mitigate the amount of solar radiation
entering the building, reduce peak and average loads, and consequently decrease cooling energy use
in actively cooled buildings, thereby helping to mitigate waste heat emissions into urban
environments.

2.2.3 Ventilative cooling

Ventilative cooling can help combat the UHI risk by utilizing natural or mechanical airflow to reduce
temperature. In urban environments, ventilative cooling reduces localized temperatures and improves
pedestrian thermal comfort by enhancing airflow and dispersing heat and pollutants (Mirzaei et al.,
2012; He et al., 2020; Hsieh et al., 2016). As Zhan et al. (2020) suggest, field studies and
Computational Fluid Dynamics (CFD) simulations reveal that ventilation can reduce heat
accumulation and enhance the cooling potential of natural breezes, particularly in coastal urban
settings. Ventilative cooling in buildings reduces reliance on energy-intensive air conditioning by
capitalizing outdoor air-cooling potential from the wind airflow, buoyancy forces, or fans to dissipate
indoor heat effectively. Cross-ventilation systems and operable openings help the building to
experience significant cooling even during peak summer conditions. This also reduces energy
demands while maintaining thermal comfort (Zhang et al., 2021a; IEA EBC Annex 80 technology
profiles, 2024). Naturally ventilated buildings do not emit waste heat into the urban environment and,
in this way, have a smaller UHI footprint in comparison to air-conditioned ones. Ventilation corridors
further support these buildings by stopping the re-circulation of heated air from surrounding areas
(Duan et al., 2020). The integration of ventilative cooling technologies with green facades or green
roofs enhances evaporative cooling effects, resulting in a reduction in internal and external
temperatures and more thermal comfort. The other benefit of this integrated approach regards energy
consumption reduction, offering a sustainable solution to urban heat risks.

In addition, air movement inside occupied areas could be a viable solution to reduce comfort or health
problems due to high temperatures. Airflow can be created by windows opening, when external
conditions are favourable, or by electrical ventilators. In the literature, the use of electrical ventilators
has emerged as a viable alternative to air conditioning, or at least to reduce health problems due to
high temperatures. Their use is characterized by low energy consumption and lack of impact on urban
heat island, representing a more economical and viable alternative to mechanical cooling. World
Health Organization (WHO), however, has expressed concerns about the effectiveness and safety of
electric fans in high-temperature conditions, particularly when the temperatures surpass 35 °C;
nevertheless, some research demonstrated that such temperatures are too low, therefore increasing
the usability of such technique.

Several investigations have been conducted to analyse the effectiveness of various categories of fans.
Tadepalli (2021) conducted experiments with ceiling mounted fans, demonstrating their capacity to
mitigate thermal discomfort and reducing the dependence on air conditioning. To analyse the effect
of ventilators on persons and to identify areas where the use of ventilators is beneficial, Morris (2021)
devised a biophysical model to propose the optimal usage of fans for efficient cooling in various
regions worldwide. Even if this research considered only external environments, neglecting the effect
of buildings, its results showed that electrical ventilators could be effective in large areas of the globe.
A similar approach, but using the Gagge (1971) biophysical model, was followed by Tartarini (2022)
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to corroborate the safety of electric fans in cooling individuals during heat waves. Jay (2015) further
expanded on this issue by creating a model to evaluate the usability of fans during heatwaves,
concluding that the protective advantages of fans may be underestimated by current guidelines.

2.2.4 Glazing technologies

Glazing technologies are effective because of their significant impact on cooling energy consumption,
peak cooling loads, and occupant comfort. Above all, glazing technologies contribute to mitigating
the waste heat emissions into urban environments since they reduce the reliance on energy-intensive
air conditioning systems. In particular, designing advanced glazing technologies helps both optimize
natural daylight and limit heat transfer into indoor spaces since they absorb, transmit and reflect
certain portions of solar radiation based on the materials that are used for their construction. Fixed
and dynamic advanced glazing technologies are the two general categories available. Fixed glazing
technologies do not adapt to changing environmental conditions because of their static optical and
thermal properties, while dynamic ones can shift and adjust their features as the environmental
characteristics change. In addition, the properties of dynamic glazing technologies like smart
windows can be transformed using active controls (Zhang et al., 2021a). Their operation is flexible
and based on various factors, including independent modulation of visible and near-infrared
transmittance. This adaptable design allows the system to reduce the heat gain but provide daylight
in warmer climates, and, on the other side, improve performance in colder climates (Liu et al., 2021).
In addition, glazing technologies can be integrated with advanced innovations such as photovoltaics.
In this way, they encompass a dual benefit by both controlling solar heat gain and generating
renewable energy (Lunt et al., 2021).

2.3 Soft solutions

Soft solutions for UHI risk mitigation include public behaviour advice, behavioural adaptations, and
urban planning policy revisions, which are helpful and can complement infrastructural or hard
solutions. As Zhang et al. (2021b) suggest, UHI education campaigns can play a crucial role in raising
awareness about UHI impacts. They highlight the importance of utilizing accessible online and offline
platforms to disseminate knowledge about the necessity of UHI risk reduction. More general, public
awareness can drive pro-environmental behaviour and encourage participation in UHI adaptation and
mitigation programs. In the same line, Parsaee et al. (2019) show the positive role of public
engagement and education in the Urban Heat Island (UHI) mitigation strategies. Accordingly, urban
climate governance is responsible for raising awareness regarding the adverse impacts of urban
climate risks. Better public knowledge and awareness of the impacts of climate risks can improve
community support for mitigation and adaptation strategies, align climate adaptation plans with local
needs and preferences, and make governments more responsible. On the policy front, several
solutions can be considered, including the adoption of integrated urban climate policies that align
with broader city objectives, such as sustainability and public health, to ensure both widespread
acceptance and successful implementation (Corburn, 2008). Furthermore, effectively transferring
knowledge to policymakers and decision-makers is essential to bridging the gap between scientific
advancements and the practical realities of urban planning.
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3. COMPARATIVE ANALYSIS OF STRATEGIES

Section 3 presents a comparative analysis of the selected strategies, evaluating their benefits and
limitations within the context of defined urban configurations in Task 3.1. The assessment
incorporates insights from previous studies to emphasise their effectiveness and applicability.

3.1 Nature Based Solutions

The effectiveness of Blue and Green Infrastructures in decreasing the UHI effect depends heavily on
the local environment and is usually dependent. Kumar et al. (2024) performed a thorough review of
the literature about green and blue infrastructures for UHI mitigation, highlighting the different
characteristics and usability. The analysis also suggested that implementing both strategies can bring
co-benefits. However, some disadvantages, such as the increase in mosquitoes and pollen dispersion,
should also be considered. Comparing different approaches, they pointed out that green walls and
roofs, street trees and parks are more effective in reducing temperatures than attenuation ponds,
pocket parks and shared open space since these solutions while giving rise to some degree of
temperature reduction, are affected by great uncertainty. Similar results were indicated by
Gunawardena et al. (2017), who noted that blue infrastructure can lead to temperature rise at night
and towards the end of summer, suggesting that greenspace could give a greater benefit than blue
infrastructures. But also, green infrastructure can behave in a different manner. Dealing with green
infrastructure, Tiwari et al. (2021) suggested that the trees, thanks to the shading effect below the
canopy, are a better solution compared to other green infrastructure solutions, such as grass cover.

3.2 Grey and green solutions

3.2.1 Cool roofs and green roofs

In literature, green roofs and cool roofs performance is often compared since they operate both on the
same structural element. Wang et al. (2022) compared the two technologies and sentenced that,
especially at night, cool roofs outperform green roofs in lowering urban temperatures. However, both
strategies led to lower wind speed, lower mean radiant temperature, and higher relative humidity. The
authors also stressed the requirement for cool roofs for periodic cleaning and green roofs and the
importance of daily irrigation. Less definitive are the results of Jia et al. (2022), which consider cool
roofs and green roofs both as energy-efficient strategies. However, they noticed that outdoor
environmental conditions heavily affect green roofs since their effectiveness depends on the growth
and health of plants. The efficiency of cool roofs in limiting the temperature is less affected by
environmental parameters since it depends on the reflective characteristics of surfaces. In hot and
sunny regions, both cool roofs and green roofs can reduce energy demands throughout the year.
However, care should be taken in cold regions since cool roofs may increase heating consumption.
From a practical point of view, the authors found that cold roofs are a cost-effective option, but green
roofs are better suited to reduce UHI effects, with further improvement in air quality and possible
stormwater management, with a positive effect on roof durability.
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3.2.2 Solar shading and glazing technology technologies

Shading devices can be used at both city and building levels. Urban shading can be achieved by
shading from buildings, trees and artificial shade. Shading from a building depends on the geometry
and distribution of buildings. Shading devices such as sails and canopies are a strategy for urban
cooling, and their use is similar to the use of nature-based green solutions, providing shade in
localized areas but with greater flexibility (Nicholson et al. 2024). At the building level, fixed or
movable shading devices can be compared to smart glazing technology as the main effect is to reduce
incoming radiation to limit the energy consumption of air conditioning systems. However, when
dealing with shading devices and glazing systems, daylighting issues should also be considered. The
two technologies are merged together in some advanced windowing systems (Zhang et al., 2021a).
Manzan (2014) performed an optimization to find the optimal geometry of external panel shading
devices considering different glazing systems and daylighting issues. Moveable shading devices,
external or internal, are also effective in reducing glare problems, as Manzan et al. (2017) considered
the coupling of fixed and moveable shading devices to deal with energy consumption for air
conditioning and artificial lighting while controlling glare. The same result was obtained by Lu
(2024), who stated that a combination of electro-chromic glazing and blinds in particular conditions
showed better performance considering visual, thermal, and energy factors.

3.2.3 Solar shading and ventilative cooling

Ventilative cooling is a solution that can be coupled with other strategies to limit the discomfort inside
buildings, preventing the use of mechanical air conditioning. Typically, it can be used in combination
with solar shading, which prevents or reduces the heating of internal walls and floors due to solar
radiation. However, the efficiency in reducing internal temperatures relies on the efficient control of
the activation of shading devices and window openings for natural ventilation. In this regard, van
Moeseke et al. (2007) focus on the control system that must be carefully selected based on the
building’s characteristics and weather data. The same approach holds when dealing with the use of
electric fans that can be considered an integration for natural ventilation of buildings when the
external wind conditions don’t allow a natural flux of air inside rooms.

3.3 Soft, natural and grey solutions

Nature-based and hard solutions cannot be effective without the implementation of soft solutions.
These involve public administration and authorities that can implement the solutions and raise
awareness of UHI risks for the population. Among public initiatives, the Covenant of Mayors Palermo
(2000) is widespread, committing municipalities to develop plans to reduce the effect of climate
change and implement natural solutions. Public administration is also important in providing
information on the possible mitigation of high temperatures in UHI and in issuing alerts in case of
dangerous situations affecting people's health.
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