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Abstract: The need to address climate change and establish sustainable urban environments has driven
increased efforts in Europe to develop climate-neutral cities. This study highlights the importance of
integrating solar energy technologies and nature-based solutions as key strategies to achieve climate neutrality.
By examining current practices, emerging trends, and case examples, it explores the benefits, challenges, and
prospects associated with the integration of solar energy and nature-based solutions in urban contexts. The
study presents a pioneering approach to assess the urban heat and climate change mitigation benefits of
combining building-integrated photovoltaics and nature-based solutions specifically within the European
context. The results emphasize the synergistic relationship between nature-based components and solar
conversion technology, identifying effective combinations for different climatic zones. In warmer regions of
Southern Europe, strategies like rooftop photovoltaics on cool roofs, photovoltaics shadings, green walls, and
urban trees have demonstrated effectiveness. Conversely, mid- and high-latitude European cities have seen
positive impacts through the integration of rooftop photovoltaics and photovoltaics facades with green roofs
and green spaces. As solar cell conversion efficiency improves, the environmental impact of photovoltaics is
expected to decrease, facilitating their integration into urban environments. The study emphasizes the
importance of incorporating water bodies, cool pavements, spaces with high sky-view factors, and effective
planning in urban design to maximize resilience benefits. It also highlights the significance of prioritizing
mitigation actions in low-income regions and engaging citizens in the development of social photovoltaics
positive energy houses, resilient neighbourhoods, and green spaces. By adopting these recommendations,
European cities can lead the way in creating climate-neutral urban environments that prioritize clean energy,
nature-based solutions, and the overall well-being of residents. The findings underscore the need for a
multidisciplinary approach that combines technological innovation, urban planning strategies, and policy
frameworks to effectively achieve climate neutrality in European cities.

Keywords: built environment; climate adaptation and mitigation; carbon footprint; eco-design;
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1. Introduction

During COP26, the commitment to the Paris Agreement’s goal of limiting global temperature
rise to below 1.5°C was reaffirmed. The need for adaptation, mitigation, financing, technology
transfer, and capacity building to achieve this goal was emphasized [1]. Currently, over half of the
global population lives in urban areas, and this number is projected to increase further by 2050 [2].
Consequently, the role of cities in greenhouse gas (GHG) emissions has become crucial, accounting
for up to 70% of global carbon dioxide (CO2) emission, which is expected to rise as the world recovers
from the Covid-19 pandemic [3]. As cities continue to expand, it becomes imperative to mitigate their
environmental impact and strive toward climate neutrality.

Urbanization and GHG emissions in Europe have been significant factors contributing to
environmental challenges. The process of urbanization, accompanied by population growth and
economic development, has resulted in increased energy consumption, transportation demands, and
industrial activities, all of which contribute to GHG emissions. According to the European
Environment Agency (EEA), as of 2020, approximately 74% of the European Union's (EU) population
lived in urban areas [4]. This high level of urbanization has led to increased energy use for buildings,
transportation, and industries, which in turn has resulted in substantial GHG emissions. In terms of
specific numbers, it is estimated that urban areas in Europe are responsible for around 70% of total
energy related GHG emissions [5]. This highlights the significant impact of urbanization on CO2 and
other GHG emissions in the region.

Furthermore, transportation is a major contributor to urban GHG emissions. The International
Energy Agency (IEA) reported that road transport alone accounted for approximately 20% of total
CO2 emissions in Europe in 2019 [6]. This underscores the importance of addressing transportation-
related emissions in urban areas. To mitigate these challenges, cities need to promote sustainable
urban development and implement various measures and policies, including improving energy
efficiency in buildings, promoting public transportation, and cycling infrastructure, supporting
renewable energy sources, and implementing stricter emissions standards for vehicles.

The recent report from Working Group III (WGIII) for mitigating climate crisis [7], highlighted
that 21% of global GHG emissions in 2019 originated from the building sector (12 GtCOzeq.) with
57% indirect CO2 emissions from offsite electricity and heat generation, 24% from on-site sources,
and 18% from the cement and steel industry involved in buildings construction. Thus, buildings
contribute to more than 40% of energy-related CO: emissions [8], making them significant sources of
emissions in Europe. This highlights the urgent need for sustainable solutions in the construction and
operation of urban buildings to mitigate their environmental impact.

In a life cycle assessment (LCA) of buildings, it becomes evident that the raw materials used in
construction are finite and cannot be continuously extracted from the earth. Over time, these
materials degrade, leading to a reduction in their embodied energy and operational efficiency.
Additionally, concrete production, which is heavily used in buildings, accounts for 7-10% of global
CO: emissions. During the summer, conventional air conditioning is commonly used to combat
increased indoor temperatures, resulting in a surge in electricity consumption. Depending on various
factors such as climatic conditions, building characteristics, and operations, air conditioning can
contribute significantly to peak electricity demand (e.g., 40% of peak load in Shanghai [9]. The IEA
reports that energy consumption for heating, ventilation, and air conditioning (HVAC) systems in
Europe has risen considerably, accounting for approximately 50% of total building energy
consumption, especially in southern countries [10]. Therefore, reducing reliance on mechanical
(active) HVAC systems and developing alternative, sustainable, and efficient cooling technologies
are of paramount importance.

To address these challenges and strive work towards achieving climate neutrality, deploying
solar energy technologies and nature-based solutions (NBS) holds great potential. Solar energy
technologies, like photovoltaic panels and solar thermal systems can harness renewable energy
sources to power buildings, reduce reliance on fossil fuels, and decrease GHG emissions. NBS, on the
other hand, involves the incorporation of green spaces, urban forestry, and sustainable drainage
systems to mitigate the urban heat island effect, enhance biodiversity, and improve overall urban
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liveability [11, 12]. By integrating renewable energy sources and sustainable NBS, cities can reduce
their carbon footprint, improve energy efficiency, and establish healthier and more resilient living
spaces. By focusing on implementing solar energy technologies and NBS, this study aims to provide
insights into the potential pathways for building climate-neutral urban environments.

2. Analytical approach

The analytical approach employed in this study (Figure 1) begins with an examination of climate
change and urban heat island impact (Section 3.1), and key NBS and their impact on building energy
performance and microclimate regulation (Section 3.2). Subsequently, the study reviews the influence
of emerging solar energy technologies, such as rooftop PV (RTPV) and building-integrated PV
(BIPV), on decarbonizing the building sector, considering their effects on the built microclimate
environment (Section 4.1). The intermittent nature of solar energy is comprehensively considered
through the application of dedicated artificial storage and indirectly through electric vehicle units.
Additionally, the concepts of solar cities and energy citizens are analysed (Section 4.2), while research
gaps and requirements for optimal eco-design and urban planning are discussed, emphasizing the
synergy of natural, technical, and social aspects (Section 5). The study primarily focuses on the
European climatic conditions, categorized using the extended Koppen-Geiger-Global Horizontal
Irradiation classification scheme proposed by Skandalos et al. in 2022 [13].

Solarenergy

Climate and UHlin Nature-based solutions technologies & climate Solar cities and energy
Europe (Section 3.1) (Section 3.2) mitigation citizenship (Section 4.2)
(Section 4.1)

U O L L

Figure 1. Analytical approach of the study.

3. Climate change, urban heat island impact, nature-based solution in built environment

3.1. Climate change and urban heat island impact

In recent decades, urban areas have experienced remarkable growth, with over four hundred
cities having populations exceeding one million. This trend is expected to continue, with
approximately 70% of the world population projected to live in urban areas by 2050 [14]. The rapid
urbanization process, characterized by the construction of buildings and pavements that absorb and
store solar radiation, limited airflow due to constrained roads, and low wind speeds within urban
canyons, has led to elevated temperatures in cities compared to surrounding rural areas. A horizontal
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temperature gradient of up to 4°C per kilometre at the urban-rural boundary has been observed [15].
Although the urban heat island phenomenon was first identified 170 years ago, it continues to be the
subject of intensive research. For example, Athens experiences an average intensity of over 10°C [16-
18], while London reaches 8.9 “C [19-21]. Urban heat islands are not limited to large cities, even small
cities exhibit temperature differences of over 5°C during the summer [22]. The consequences of these
urban microclimate changes include chemical weathering of building materials, environmental
degradation, increased discomfort, elevated mortality rates during the summer [23], and increased
demand for cooling energy and electricity generation, leading to higher levels of pollutants and GHG
emissions.

The severity of urban heat island (UHI) increases due to global and urban climate change. UHI
interacts with climate change and the urban environment is being affected, especially by the
production of heatwaves during high heat events in summertime and magnification of the city
temperature. Therefore, the thermal urban conditions are enhanced, and heat stress affects human
health, especially of the most vulnerable groups [24].

Furthermore, the UHI effect significantly contributes to increased electricity demand for air-
conditioning in various climatic conditions (Table 1). The heat island effect doubles the energy
required for cooling buildings in Athens and triples the peak electricity load for cooling [16]. In
London, the cooling load in urban areas can be 25% higher compared to rural environments [19]. The
average increase of cooling energy needs globally due to UHI is 6.63 kWh/m2/y/°C and 3.81
kWh/m2/y/°C, for residential and office use, respectively [25]. Consequently, a substantial amount of
electricity is needed for a short period during the summer, primally generated from fossil fuels.
Moreover, the increased indoor heat caused by the UHI effect is transferred outdoors through air
conditioning, further exacerbating the urban heat generated by air-conditioning, contributing to the
UHI effect [26].

Among building envelope components, the glazing ratio or wall insulation has minimal impact
on the change in energy demand resulting from the UHI effect [27]. Roofs are the most exposed
building elements to solar radiation, leading to excessive heat flow indoors. In arid and hot areas,
nearly 50% of the building’s heat load comes from the roof [28, 29]. Roof temperatures during summer
can reach up to 70°C, turning surfaces into radiators and disrupting indoor thermal comfort.
Additionally, day and night temperature variations cause high expansion-contraction oscillations,
leading to cracks. Roofs account for more than 20% of urban accessible areas [30], and mitigation
measures for the urban heat island effect can directly impact cooling loads on the top floor and
throughout the entire building [31]. Therefore, applying new and innovative responsive and dynamic
technologies, even for well-insulated building roofs with significant temperature attenuation, can
further enhance energy efficiency and reduce cooling loads.

Due to the significance of the UHI issue and the increased energy consumption in buildings,
there has been a strong impetus for research and innovation to develop appropriate methods and
solutions that can mitigate the severe consequences associated with these challenges, particularly
during the summer.

Table 1. Studies on the effect of urban heat island effect in building’s energy consumption.

Koppen Geiger Global

. climate horizontal Urban heat e
City, e . . . . . . ., Effect on building
count classification; mean irradiation island intensity enerev consumption Reference
Y annual temperature (kWh/m2/y) (°C) 24 P
(°O) (BIPV zone)
Manchester, Cfb (Marine West 9.4-12.2% increase in [32]
. 949 (1) 3°C .

UK Coast Climate) 9.4 cooling energy needs
Up to 25% increase in

London, UK Cfb (Temperate) 11.3 1001 (2) 6°C cooling and up to 22% [33]

decrease in heating
energy needs
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London, UK

Reading,
UK

Berlin, DE

Antwerp,
BE

Munich, DE

Basel, CH

Toulouse,
FR

Modena, IT

Rome, IT

Rome, IT

Barcelona,
ES

Agrinio, GR (Mediterranean);

Athens, GR

Western
Athens, GR

Cfb (Temperate) 11.3

1001 (2)
Cfb (Oceanic) 10.5 1077 (2)
Cfb (Oceanic) 10.1 1113 (2)
Cfb (oceanic) 10.6 1107 (2)
Cfb (Marine West
Coast Climate) 8.8 11942)
Cfb (Oceanic) 9.6 1240 (2)
Cfa (Oceanic) 13.8 1428 (2)
Cfa (Humid

subtropical climate) 1482 (3)
13.8

Csa (Mediterranean)

152 1592 (3)
Csa (Mediterranean)
15 1592 (3)
Csa (Mediterranean)
177 1663 (3)
Csa

1727 (3)
17.2
Csa
(Mediterranean); 1833 (3)
18.3
Csa
(Mediterranean); 1833 (3)
18.3

Mean daily
intensity of 2°C;
the mean night-
time 3.2°C

0.73°C

22°C

24-33°C

17% increase in
heating degree
hours for 1982
1.7 °C (max)

5.3 °C (night
winter)

14 °C

8°C

1.4°C

43°C

Mean hourly
UHI intensities

up to 6 °C; mean

intensity of 3.8
°C during
nocturnal hours
of August

10 °C

Cooling energy
consumption is 32—
42% higher than
cooling energy
required for the same
building based outside
the urban heat island
0.9-10.8% reduction of
heating needs

10% reduction of
energy consumption
60.8-90% (res); 17.3—-
30.6% (off) increase in [37]
cooling energy needs

17% lower heating

loads in the city centre [38]
than rural site

43% in demand [39]
A 5% increase in

cooling energy

demand per 1 K [27]
increase in the
maximum UHI effect
at night.

10% increase in
cooling and 16%
decrease in heating
energy needs

12-46% increase in
cooling energy needs
30% increase in
cooling and 16%
decrease in heating
energy needs

18-28% increase in
cooling energy needs

(34]

(35]

(36]

(40]

[41]

[42]

(43]

36.3% (max) higher
cooling energy needs
in the city centre than
the rural areas

(CDD: 27 °C - HDD: 18
°Q)

[22]

120% increase in

cooling load; 27%
. . [16]
decrease in heating
needs
66% (in 1997) and 33% [44]

(in 1998) increase of
cooling energy needs
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6
BSh (Mid-Latitude 6.2% to 15.7% increase
Delhi, IN  Steppe and Desert) 1921 (4) 59°C in electricity [45]
25.2 consumption
5.1 to 15.6% increase
Lusail, QA BWh (Desert) 27.2 2125 (4) NA of cooling energy [46]
needs

3.2. Nature-based solutions for urban environments

3.2.1. NBS and climate-neutral urban environment

NBS offers a promising approach to tackling climate change impacts while enhancing urban
spaces’ quality. European cities are increasingly adopting NBS to enhance climate neutrality [11, 12].
This involves the integration of green roofs, green walls, urban forests, and green spaces within urban
landscapes. These NBS contribute to energy efficiency, carbon sequestration, temperature regulation,
stormwater management and air purification. They also provide multiple co-benefits such as
increased biodiversity, enhanced aesthetics, improved human well-being, and the creation of more
liveable and healthy cities [5, 11, 47-49].

In the urban built environment, the following types of NBS are increasingly being adopted to
enhance energy efficiency, reduce the urban heat island effect, improve air quality and health and
well-being, including: i) green roofs and walls - incorporating vegetation, such as plants, shrubs, and
trees, on rooftops and vertical surfaces, providing insulation, natural cooling, and biodiversity
benefits [50, 51]; ii) Biophilic design - connecting building occupants with nature by incorporating
natural elements, materials, and patterns into the built environment, such as indoor plants, natural
lighting, and views of green spaces, to improve well-being, productivity, and energy efficiency in
buildings [52, 53]; iii) Urban agriculture - such as rooftop gardens, community gardens, and vertical
farming, contribute to climate neutrality by promoting local food production, reducing food miles,
mitigating the urban heat island effect, providing opportunities for food security and social cohesion
[54, 55]; iv) Natural ventilation and passive design - focusing on optimizing natural ventilation and
reducing the reliance on mechanical cooling and heating systems by incorporating features like
operable windows, shading devices, and building orientation, natural ventilation can maximize,
reduce energy consumption and enhance occupant comfort [17, 56]; v) Biomimicry - involving
drawing inspiration from nature's designs, processes, and systems to develop sustainable solutions
for buildings, emulating nature's efficiency and resilience, improving energy efficiency, optimizing
resource use, and enhancing the overall performance of urban buildings [57, 58]; and vi) Smart green
infrastructure - integration of smart technologies and green infrastructure in buildings, including
sensor networks, real-time monitoring, and automation systems that optimize energy use, water
management, and resource efficiency in buildings [59, 60].

3.2.2. NBS case studies and best practices in urban built environments

The effective implementation of NBS requires customization based on specific climatic
conditions to maximize their impact and ensure long-term sustainability [61-63]. For instance, the
selection of tree species for afforestation projects in arid regions may differ from those in temperate
or tropical regions, considering their ability to withstand drought or extreme heat events. In Europe,
with its diverse range of climatic zones, from Mediterranean to subarctic and coastal to continental,
tailoring NBS to these conditions is crucial for successful implementation. A specific example of this
customization is the implementation of green roofs. However, green roofs’ design and plant selection
must be adapted to the local climate. In Mediterranean regions, where hot and dry summers are
common, NBS, like green roofs, should consider drought-tolerant plant species that can withstand
high temperatures [64, 65]. Suitable plant species for Mediterranean green roofs include Sedum spp.,
Lavandula spp., and Rosmarinus officinalis [66]. Conversely, green roofs should be designed with cold-
hardy plant species that can tolerate high moisture levels in northern European regions with colder
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and wetter climates. Commonly used plant species for green roofs in these regions include Festuca
rubra, Deschampsia cespitosa, and Geranium sylvaticum [67, 68].

In Europe, numerous case studies and best practices showcase the implementation of NBS in
urban built environments. For example, Antwerp’s Green Blue Heart project established a network
of blue and green spaces throughout the city, integrating water management, biodiversity
conservation, and recreational opportunities [69]. The Thamesmead Waterways project in London
revitalized urban waterways, transforming them into vibrant green corridors that enhance
biodiversity, provide recreational spaces, and manage stormwater [70]. Rotterdam is well-known for
its innovative NBS approaches, including the construction of floating parks, green roofs, and water
squares that manage stormwater, reduce heat island effects, and enhance urban resilience [71]. Milan
implemented an Urban Forest Strategy focused on increasing green cover and enhancing urban
forests, contributing to improved air quality, climate regulation, and the overall well-being of the
city's residents [72]. These case studies and best practices highlight the wide range of NBS initiatives
in European cities, emphasizing the integration of green infrastructure, water management,
biodiversity enhancement, and community engagement. They offer valuable insights into successful
approaches and serve as inspiring examples for other urban areas seeking to implement NBS to
address environmental challenges and promote sustainable development.

The implementation of NBS plays a crucial role in enhancing energy efficiency and addressing
the challenges of heat islands. Notable research by Getter et al. (2009) [73] reveals that green walls
can effectively lower surface temperatures by 3 to 8°C compared to bare walls. Another study
conducted by Nguyen et al. (2019) [74] emphasizes the benefits of vertical greening systems,
demonstrating a significant reduction in indoor temperature (~1°C) and up to a 35% decrease in
cooling energy consumption. Furthermore, Table 2 presents an extensive compilation of NBS case
studies and best practices from various European locations. These examples highlight the key
features, climate classifications, and quantified benefits of different NBS approaches, including green
roofs, urban tree canopies, blue-green infrastructure, cool materials and coatings, and green spaces.
The showcased benefits encompass temperature reduction, energy consumption decrease, and CO:
emission reduction. This resource offers valuable insights and evidence for policymakers, urban
planners, and researchers seeking to implement similar NBS strategies in their cities, fostering the
development of climate-neutral urban environments.

Table 2. NBS case studies and best practices for improving energy efficiency and/or mitigating
urban heat island impact in Europe.

Climate
Case studies Location cre s Key features Quantified benefits Reference
classification
Installation of
- Reduction in
Green roofs green roofs on
) . surface temperature
and walls Copenhagen, various buildings o
. by up to 32.3°C [50]
DK across the city

- Reduction in peak
runoff by 50-90%
Cfb (Oceanic) — mild

. . - A decrease in
and damp winters Increasing the

Urban tree Amsterdam, annual heating and
and cool summers urban tree canopy ) [75]
canopy NL . . cooling energy
with moderate across the city "
. demand by 5%
precipitation
- A temperature
throughout the year .
. reduction of up to
Creation of water 1.8°C
Blue-green Rotterdam, lazas, green :
. & P ' & . - Resulted in annual [76, 77]
infrastructure NL roofs, and rain .
energy savings of
gardens

approximately 17
GWh
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- Contributed to a
reduction of

approximately
30,000 tons of CO2
emissions annually
Installation of - A temperature
Green roofs green roofs on reduction of up to
Lond K 7
ondon, U various buildings 10°C in the 78]
across the city immediate vicinity
Using cool - Incref;lsing th.e
materials. such as reflective coating
Cool material ’ by 40% led t
o0 ma.erla > Athens, GR reflective atea by . & 'e oa [18]
and coatings decrease in air
pavements and
coatings temperature by up
& t01.2°C
- Reduced building

Csa (Mediterranean) Installation of
Green roofs Barcelona, - hot, dry summers green roofs on
and walls ES and mild, wet various buildings

winters across the city

energy consumption

by up to 25% for  [79]
cooling and 9% for
heating

Redesigning city - Reduction in

blocks to create  ambient

large pedestrian- temperature by up

Green Spaces ggrcelona, only zones with  to 6°C [80]
green spaces, - Energy savings of
trees, and shading 9.3% in cooling
structures demand

- Green roofs alone
can reduce surface
temperatures by up
to 20°C and air
temperatures by up
to 2-4°C in the

ForestMe Cfa (Humid Creation of green surrounding area

project — Subtropical) - hot, infrastructure - Green roofs can

Creationof = Milan, IT  humid summers  including urban lead to energy [81-83]

green and mild, wet forests and green savings of 25-30

infrastructure winters roofs kWh/m? per year

- ForestMe project is
expected to remove
approximately 5,500
tons of CO2 from
the atmosphere
annually
- An increase in
Creation of green green space by 15%
Green Space  Warsaw, PL Dfb (Continental) - sPaces across the resulted in a [84]
cold winters and city temperature
reduction of 1-2°C
warm summers , ,
Urban tree Increasing of - An increase of tree
Berlin, DE urban tree canopy cover by 10% led to [5]
canopy

cover a temperature
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reduction of up to
4.7°C
Creation of urban - Reduction in
forests through ~ ambient

Urban Forests Oslo, NO . [85]
tree planting and temperature by up
green spaces to 2.5°C
Retrofitting streets
.Wlth green - Reduction in
infrastructure,

. . surface

including green [86]
temperatures by up

roofs, trees, and
to 6.4°C

permeable

surfaces
- Reduction in
ambient
temperatures by up
to 3.2°C

Green spaces Vienna, AT - Reduction in the

energy demand for
Increasing green cooling buildings by
spaces (parks, up to 30%, equal to
street trees, green an annual energy
roofs) savings of

approximately 4,000

MWh.

- Reduction of

(87, 88]

approximately
42,000 tons of CO2
emissions per year.

3.2.3. Impact of green roofs, walls and spaces on building energy performance and urban
microclimate

Green roofs: The impact of green roofs on building energy performance has been extensively
studied in the literature, considering various climatic conditions. Generally, green roofs contribute
positively to energy savings, depending on the level of insulation and irrigation, and offer several co-
benefits. Their effects are particularly significant for poorly or non-insulated roofs, leading to a
reduction of up to 50% in cooling and heating needs, especially in warm climates. However, for well-
insulated buildings compliant with updated regulatory standards, the reduction is relatively low
across different climatic zones [89]. For example, in the temperate climate of London (classified as
Dib(2)) according to the Koppen-Geiger-GHI classification), green roofs influence heating and
cooling loads based on insulation and irrigation. Regular irrigation enhances evapotranspiration and
cooling, resulting in a higher reduction of the cooling load during night-time [90]. Similar findings
were reported by Solcerova et al. (2017) [91] for Utrecht (classified as Ufb), where a green roof induced
a slight warming effect during the daytime and a significant cooling effect at night-time, contributing
to the mitigation of the nocturnal UHI. Jaffal et al. (2012) [92] observed a reduction in total annual
energy demand of 32% for Athens (climatic zone 3 with a GHI of 1832 kWh/m?/y), 6% for La Rochelle
(climatic zone 2 with a GHI of 1437 kWh/m?/y), and 8% for Stockholm (climatic zone 1 with a GHI of
996 kWh/m?/y).

Green roofs, along with greenery in general, primarily reduce air temperature through two main
mechanisms: increased latent heat flux from water evaporation in the roof substrate (and potentially
through reflection if "cool" and porous materials are used) and increased evapotranspiration from
the plants on the roof (and potential shading from the leaf area). The evaporation effect is more
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prominent during summer when the amount of solar heat absorbed for the phase change of water
corresponds to the atmospheric parameters of temperature and relative humidity. However, the
cooling capacity of dry green roofs is significantly reduced. Green roofs are suitable as a mitigation
measure for UHI in regions with intense UHI and high night-time temperatures.

In the temperate climate of London (classified as Cfb in the Koppen-Geiger-GHI classification),
green roofs effectively reduce microclimatic temperature rise during the summer and have a slight
impact on heating needs in winter due to continued cooling. Model results from Virk et al. (2015) [90]
showed maximum microclimate perturbations of -1.05 °C and -1.27 °C for green and cool roofs,
respectively, during the summer. However, positive temperature perturbations are observed on
cloudy days in winter (up to 0.55 °C and 0.33 °C for green and cool roofs, respectively). Irrigation is
essential during the summer period to maintain the cooling effectiveness of roofs, particularly in the
evening and at night when their impact is more pronounced. It is worth noting that the cooling action
of green roofs in the evening differs from that of cool materials, which exhibit a negative heat flux
and cooling action due to solar reflection during the day and thermal radiation at night. Berlin
(classified as Dfb warm humid continental) reported even lower summer perturbations, with a
maximum air temperature reduction at pedestrian level of 0.3 °C. Therefore, the cooling effect of
green roofs at street level is almost negligible when applied to mid- to high-rise buildings. However,
their thermal regulation and summer cooling effect remain considerable at the roof level.

In the climate of Madrid (classified as Csa, transitioning to a cold semi-arid BSk climate), the
microclimate regulation provided by green roofs is less pronounced. To be considered a significant
urban adaptation strategy against climate change, green roofs in Madrid should be combined with
urban trees (resulting in up to a 2 °C reduction in air temperature at pedestrian level) and porous-
moist materials (resulting in up to a 5 °C reduction at 1 m above moist ground soil and impervious
surfaces) [93].

In summary, green roofs offer benefits to both building energy performance and microclimate
environments. However, the magnitude of their effects is relatively low, suggesting that they are a
useful supplementary action rather than an artificial alternative to the network of urban green spaces
comprising green parks, urban gardens, and trees.

Green walls: Green walls, also known as vertical green spaces, serve as an alternative or
complementary solution to green roofs for buildings. According to a recent review article by Susca et
al. (2022) [94] living or green walls offer significant benefits in reducing building energy consumption
and mitigating the urban heat island effect across various climatic conditions. Although the initial
installation cost of green walls, compared to green roofs, can be significant (approximately double
for green facades and twenty times for living walls, costing around 50 €/m?), they can result in up to
a 16.5% reduction in heating needs, a 51% reduction in cooling needs, and a decrease of up to 5°C in
urban heat island intensity.

In terms of heating energy reduction, a green facade covering the entire building in Reading,
UK, can reduce heating needs by 21-37% during winter. A south-oriented living wall in Turin can
save 56-68% of heating energy, while in Braganca, Portugal, a living wall can save 37% of heating
energy throughout the season. Modelling studies estimate heating savings of 12% in La Rochelle,
France, and 9% in Athens, Greece [94].

Green walls also have a significant impact on cooling energy, particularly in cities in southern
Europe. In Puigverd de Lleida, Spain, living and green walls can achieve cooling savings of up to
59% and 34% respectively in July. Similar effects are observed through modelling in La Rochelle and
Athens, with living walls resulting in savings of 50% and 37% respectively. In Genoa, Italy, an
experimentally observed south-oriented living wall reduces cooling loads by 26.50%. The cooling
reduction effect is less pronounced in northern regions, such as Belgrade, where a living wall
covering the entire building can achieve reductions of 10-18% [94].

Green wall also impacts on surface temperature. The decrease in daytime surface temperature
varies across locations, ranging from 5-7°C in Bari to 29°C in Turin and 34°C in Ljubljana during the
summer. In London, the reduction is lower, reaching up to 10°C. Conversely, night-time surface
temperatures slightly increase in Bari (up to 2.2°C) and Ljubljana (up to 2°C) during the summer,
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remain the same in London during the summer, but slightly increase during winter in northern
Europe (1.5°C in Reading, UK). Importantly, green walls have a positive effect on daytime air
temperature reduction, with reductions of up to 1.5°C in La Rochelle, 2.9°C at 5 meters from a wall
in Madrid, and 3.2-4°C in Athens. Night-time air temperatures are also reduced during warm nights
in July in Athens (up to 3°C) [94].

However, it should be noted that the air temperature reduction effect of vertical green spaces is
only influential in the immediate vicinity of the building surface. Recent findings suggest that this
influence may not be sufficient to be used as a sole solution, and considerations of installation and
maintenance costs are necessary when considering widespread deployment [95].

Green spaces: Green spaces play a crucial role in mitigating the UHI effect at the neighbourhood
scale. The presence of extensive greenery leads to a substantial cooling effect within the greenspaces,
resulting in less sensible heat and influencing the surrounding urban environment through advection
currents. Reported values for European cities demonstrate a wide variation, ranging from 0.4°C to
over 10°C, with the impact extending several meters into the surrounding built areas. This variation
is attributed to factors such as the city's climatic zone, size of the green space, sky view, weather
conditions (including humidity, wind speed below 5-6 m/s), sunshine duration, and time of day.

In the cold maritime climate of Goteborg, Sweden (GHI: 980 kWh/m?/y), measurements in two
small parks and a large park near the Géta river and built-up areas showed a maximum temperature
difference of 5.9°C for the large park during summertime, with smaller differences observed in the
small parks. The cooling effect extended up to 1100 meters from the park borders, accompanied by
low air temperatures.

In a detailed 5-month experimental campaign conducted in the milder and temperate climate of
London (GHI: 1077 kWh/m?/y), Doick et al. (2014) [96] measured temperature variations in a large
greenspace, Kensington Gardens (111 ha) with two ponds (4.9 ha and 2.8 ha) and compared the
results with measurements in an adjacent area. They found that the greenery cooled the adjacent
space by 1.1°C on average during summer nights, with temperature reductions ranging from 0.4°C
to 4°C, at distances ranging from 20 to 440 meters.

Moving to the moderate climate of Ljubljana (GHI: 1265 kWh/m?/y), Vidrih et al. (2013) [97]
conducted extensive computational fluid dynamics (CFD) modelling and found that a 2-hectare
green park with a leaf area index (LAI) of 3.16 (45 fifty-year-old trees per hectare) can achieve a 4.8°C
air temperature reduction during summertime. The temperature reduction is lower for less dense
parks, reaching 1.2°C for an LAI of 1.05.

The effect of green parks on the UHI intensity was also studied in Milan (GHI: 1458 kWh/m?/y)
by Mariani et al. (2016) [98]. They determined an average reduction of 2.5°C between the surface
temperature of typical land use and an irrigated grass park area at midday, while a tree canopy-
shaded surface with an LAI of 3.5 showed a reduction of 3.8°C.

In the warmer climatic conditions of Lisbon (GHI: 1765 kWh/m?/y), Oliveira et al. (2011) [99]
found that the air temperature in a small green park (0.24 ha) can be up to 6.9°C lower than the
surrounding areas during summer daytime. Even greater temperature differences were observed in
a water park (6 ha) in Athens (GHI: 1833 kWh/m2/y), reaching up to 8.8°C during the night. The park
was irrigated in the summer after sunrise and at sunset. The temperature difference between the park
and the surrounding built-up areas was shown to correlate with the ambient temperature, resulting
in higher nocturnal differences for elevated air temperatures. During daylight hours, differences up
to 2.6°C were measured, with the cooling effect in the park correlating with the maximum daytime
temperature at the urban station. However, the cooling effect plateaued and decreased rapidly for
extremely high summer temperatures around 40°C.

Based on these findings, it can be concluded that the cooling effect of greenspaces in the urban
environment is more pronounced in warmer and drier climates and is further enhanced by the
presence of water bodies. Therefore, incorporating greenspaces into the urban environment is a
highly effective and significant strategy for mitigating the UHI, especially in anticipation of the
projected climate change impacts leading to warmer and drier urban summers.
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4. Solar energy technologies for urban environments
4.1. BIPV and climate mitigation

4.1.1. Building integrated photovoltaics for European cities

The construction of environmentally friendly, energy-efficient, and carbon-neutral buildings has
become a focal point, emphasizing the importance of incorporating efficient energy management
systems to reduce emissions significantly. In this context, Building Integrated Photovoltaics (BIPV)
systems have garnered increased interest as a promising solution for decarbonizing urban
environments [13]. They can be utilized either as a building's envelope material or as a retrofit for
facades, enabling them to generate electricity while fulfilling architectural requirements [100]. In the
literature, several BIPV studies focus on its technology [101], environmental impact [102], economic
viability [103], policy support [104], and real-world case studies [105]. By examining the opportunities
and challenges of BIPV, we can understand its role in creating sustainable and low-carbon cities.

Evidently, rooftop integration should be prioritized since it provides the best annual solar
energy harvesting (no matter the climate zone). At the same time, combining PV systems with
different azimuth and tilt angles contributes to better load-matching, reducing storage needs [106].
This particularly applies to rooftop PV systems, commonly utilized in residential buildings, and
offers greater flexibility than facade systems. However, it should be noted that facade PV systems are
available in various configurations that can impact energy performance and indoor comfort [107]. An
excellent demonstration of a rooftop BIPV installation corresponds to Umwelt Arena [108]. This
remarkable structure features an octagonal design with 33 distinct surfaces, highlighting the limitless
possibilities of architectural spaces. Remarkably, the BIPV system implemented in this facility
achieves a zero COz balance while generating twice the energy required to power the building [109].

However, the limited roof area, aesthetic considerations, and passive energy strategies
highlighted fagade-integrated photovoltaic systems as promising solutions for zero-energy buildings
in different European countries. Such systems can be particularly advantageous in regions with
higher latitudes and cold climates, where sunlight exposure is comparable to tilted roof integration
during the cold season (when energy demand is high). The suggested practical values for
implementing BIPV on facades and roofs range from 800 kWh/m?/year to 1000 kWh/m?/year [110].
Nevertheless, lower values of 600 kWh/m? can be justified considering the cost reduction and
advancements in the PV industry [111]. This has been successfully demonstrated in North Europe's
public (Copenhagen International School), commercial (Solsmaragden, Oslo), and residential
(Frodeparken, Uppsala) buildings [112]. Although, additional energy sources (wind, biodiesel) are
needed to meet heating needs and achieve the zero-energy target.

At lower latitudes and cities with moderate climate conditions, the integration approach starts
with roof PV installations, followed by facade and shading structures. This sequential approach has
demonstrated significant energy reduction and overall building efficiency advantages. An illustrative
instance of this is the utilization of fixed or adjustable PV shading systems, which generate electricity
and offer sun protection while ensuring minimal interference with winter solar gains in buildings. In
this regard, the idea of a folded fagade (zig-zag geometry) has been implemented for the ENERGY
base office in Vienna [113]. Opaque PV modules are optimally oriented to receive the maximum solar
radiation while providing shade, and the tilted glass panes (70% WWR) deliver daylight indoors.
With a specific yield comparable to a rooftop PV system, up to 77% of the produced electricity is self-
consumed, contributing 34% to the building energy demand (ranging between 18-22 kWh/m?) [113].
In another BIPV configuration, vertical blinds along the facade have been installed on a laboratory
building in Petten, Netherlands. Electricity generation from the rooftop and fagade integrated PVs
was relatively high corresponding to 90% of the electricity demand. In addition, the proposed PV
louver system optimized solar gains on the PV modules provided adequate shading during summer
(no cooling is needed) and diffused/distributed daylight indoors [114]. Finally, BIPV elements as
fixed external devices (vertical fins) were used to complement the rooftop PV system in the City Hall
building in Freiburg (almost all around the fagade), controlling the daylight and solar gains to the
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interior [115]. Results after the first year of monitoring indicated that even though it only contributed
to approx. 18% of the total solar gain, in addition to the PV installation of the roof, facade BIPV is
indispensable to reach the net plus-energy objective in such a building [116].

In warm-climate cities of Southern Europe (such as Lisbon), integrating BIPVs can transform
buildings into net zero or even Positive Energy Buildings [117]. While incorporating PV systems on
rooftops already has a positive effect on the thermal needs of buildings, traditional horizontal PV
mounting often demands significant space. To address this challenge, both established and
innovative BIPV technologies can be utilized as integral components of the building envelope,
optimizing self-sufficiency and self-consumption. However, careful design is needed to cope with
the overheating of the modules. An example of such an installation with a high level of detail was
provided by Martin-Chivelet et al. (2018) [118] for a case study building in Madrid. This study
presented an affordable and uncomplicated architectural approach for renovating buildings by
incorporating standard PV modules into a newly designed ventilated fagade. In addition, PV shading
devices (PVSD) have shown favourable results in reducing cooling loads and increasing electricity
generation potential in low latitudes [94, 119].

Similarly, semi-transparent PV (STPV) glazing [120] is unsuitable for cold climates due to
overcooling in winter but has been proven to be beneficial for reducing solar gains and achieving
energy savings, as documented by several experimental and simulation investigations for different
Mediterranean cities. For instance, STPV windows were found to reduce heat gains by 30%, leading
to a temperature drop of up to 2.5°C for an office room in Western Greece [121]. Their passive benefits
were also confirmed by Cannavale et al. (2017) [122] for real case building in Southern Italy. The
authors found that PV glass integrated as window and horizontal overhangs can lead to up to 22%
net energy reduction with notable visual comfort benefits.

Hence, based on the preceding paragraphs, it becomes evident that the integration of
photovoltaics into buildings surpasses the narrow scope of electricity generation, as observed in
standalone PV systems. When addressing BIPV installations, it becomes imperative to consider their
adaptability, which pertains to the capacity of the PV power system to modulate its electricity
production in response to load variations. Other factors, such as aesthetics, shading from
neighbouring structures, and existing support systems, also contribute to the need for flexible PV
installations in densely populated areas. In this context, the characterization of BIPV technologies
and their integration flexibility within specific building components becomes a multifaceted process.
This review elucidates that local climate is significant in determining the optimal PV technology
solution for building integration and enhancing energy flexibility. A compilation of real case
buildings featuring integrated photovoltaic systems, along with their key findings pertaining to
different European climates, is presented in Table 3.

Table 3. Summary of the reviewed BIPV case studies as a strategy for decarbonizing European

building stock.
li P ifi
Case studies Location C 1m.a t.e ] v Quanfl ied Reference(s)
classification performance benefits
Economically
700 feasible with 98%
PV facade Oslo, NO Dfb self-consumption  [123]
kWh/kWp and 23% self-
sufficiency
50% of the total
Copenhagen, 714 .
PV facade DK Ctb KWh/KWp electr1c1ty. [124, 125]
consumption.
Twice the
BIPV ventilated Spreitenbach, Ctb 733 amount of energy [110]
roof CH MWh/year that it consumes,

with a
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zero CO2 balance
23% — 34% of the
electricity the PV
system produces
PV Exterior 983 consumption for
shielding on tilted Vienna. AU  Cfb the building [114]
kWh / kWp .
facade operation, and 69%
to 77% of the PV
production is self-
consumed.
The BIPV system
Roof: 982 on the fagade is
kWh/kWp indispensable to
Facade: 448  reaching the
kWh/kWp positive energy
target.
No cooling is
needed.
Roof/Blinds Petten, NL  Cfb - fig;fisgeor;; of the [115]
building's
electricity needs.
PV facade . 735 100% self-
Madrid, ES  Csa kWh/kWp consumption [119]
Net positive.
717 Improved flexibility
kWh/kWp due to battery
storage.
4% saving due to
passive benefits.
PV 53.6 Up to 22% net

Window/Shades Bari, IT Csa MWh/year energy reduction.  [122]

Vertical BIPV
overhangs, Freiburg, DE Cfb
rooftop

[117]

cladding

PV Roof/Facade Lisbon. PT Csa [118]

Notable advantages
in terms of visual
comfort
Up to 50% energy
savings, due to the
822 cooling effect in
kWh/kWp addition to
electricity
generation.
>25% of total
primary energy
Rooftop/Canopy/ 1188 consumption.
Double facade  Nicosia, CY Bsh KWh/kWp An energetically [126]
BIPV/T and financially
viable solution for
existing buildings.

PV Window Agrinio, GR  Csa [121]

4.1.2. BIPV and urban heat island

The urban environment requires further investigation in terms of building photovoltaics thermal
or cooling effect and mostly studies have been focused on rooftop photovoltaics (RTPV) deployment.
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The rate of absorption of solar energy fluctuates according to the different spectral ranges and is not
always higher with PV than the albedo rate, therefore, releasing the excess difference to the
environment as heat, daily, diurnal, or seasonally. The latter develops thermal potential in local and
even large, scaled impacts in urban islands. Therefore, using highly efficient PV panels reduces the
heat waste in the environment and the risk of urban heating. The higher the photon-to-charge
efficiency the lower the heat waste to the environment and the probability of the risk events. The
interactions around the RTPV are well documented by modelling but lacks experimental evidence
and remains at the top of the research due to the multi impacts in the energy and built environment
and different climates. The solar flux exchanges and the balance in every layer are continuously
changing both the irradiation parameters, the heat transfer characteristics and an interplay between
the cooling and heating fluxes within a broad spectrum of incoming solar irradiation is of paramount
importance to the sustainable energy transition.

In a daily operation with standard RTPV installations and built materials, the corresponding
electricity production is accompanied by shading effects which in turn reduce the radiation and the
emissivity downwards and upwards, while parameters as local temperature, wind speed and
humidity interfere as disturbances in addition to evaporation and condensation phenomena.

On the other hand, during the diurnal operation, as the longwave radiation emission is blocked,
it interferes with external and internal conditions, building upon the occurred difference. Internal
and external comfort is positively and negatively affected, and this is a complicated process with
contradicting parameters. The simulation results are not always accurate since the longwave
radiation and other local effects need validation with experimental data to approach the performance
behaviour better. Consequently, the above-mentioned results are integrated into the urban scale
effects.

Another aspect worth investigating is the climate diversity effects, which characterize the
building and the urban built environment, on a large scale. Indeed, in our previous works [13], where
we distinguished the worldwide effects in four zones, depending on their discrete global horizontal
irradiation, we addressed different effects of the BIPV or RTPV across these zones. Therefore, further
analysis regarding the urban heat diffusion effects is expected to differentiate respectively and reveal
the associated processes.

The wide installation of RTPVs in roof spaces must always be considered in alignment with the
localized conditions and accompanied by a careful study of the heat waves on the urban scale. Besides
the RTPVs, the appropriate design of mixed configurations, minimize the harmful effects of the urban
islands or turn it in positive (for example, cool materials and PV with tuneable reflectance, depending
on the climatic zone, could manage the sensible heat upwards or the longwave radiation). The
positive effect against urban island is further increased when the latter surfaces are combined with
open green spaces.

Several studies have been conducted to define the effect of PV deployment on the UHI in urban
environments. Taha (2013) [127] stated that the effective albedo, equals to the reflectivity
corresponding to the annual mean value of diurnal hours plus the solar conversion efficiency, is the
main surface characteristic that changes due to the PV panels deployment. The surface radiation
balance and the local interactions between the PV panels and the back and bare surrounding surfaces
albedo need appropriate modification strategies to vanish the negative impacts of the heat waves.
Furthermore, the analysis showed that, in Europe, considering mean values, the increase of solar
energy conversion more than 20% would induce an ambient cooling effect under certain climate
conditions, back and bare surfaces integration and PV potential deployment within the urban matrix
[92]. The potential of the localized impact is a more complicated process, including climate
parameters, heat transfer dynamics, discrete and sudden events, architecture, and technical
parameters influence and spatial to name some. Furthermore, due to possible synergetic effect of
thermal waves and urban heat island, thermal stresses in cities become stronger during the respective
periods and increase the vulnerability and thermal risks in urban areas, requiring more detailed
analysis of the balancing model to reveal the effects [128, 129].
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The solar energy harvesting optimization turns into a difficult task due to the contradicting
effects in urban spaces modelling. The dark surfaces of PV modules and building glasses suffer from
low reflectivity of solar energy which together with high incident angles of irradiance, both reduce
the efficiency and the output and make vertical surfaces to demand enhanced optimization strategies
tasks. The RTPV modules impact the PV induced heat island by increasing the ambient temperature
where the vegetation and cool roofs reduce the temperature, depending on the hour and the PV
efficiency [130, 131]. The compromise between the maximization of open of green areas, RTPV
modules, cool roofs and fagade placed PV needs a comprehensive analysis considering the
aforementioned UHI effects [132].

Table 4. Studies on the RTPV interactions with urban heat island.

City/country

Europe

France

Toronto

Paris
Strasbourg
Marseille

Roma

Variables and simulations Remarks on UHI effects Reference
0.05 effective albedo increase, and solar

Effective and modified conversion efficiency increase from

albedo, absorptivity, 10% to 20% is equivalent

potential of PV Cooling effect to the surroundings is [127]

deployment expected at solar conversion efficiency

values more than 20%, in Europe
Reduces the effect on UHI in summer
due to radiative and convection fluxes.

Energy plus modelling, Reduces the air condition demand by [133]
Surface Energy Balance reducing the cooling needs.
Slightly increase the heating demand in
winter
Thermal stress is stronger in places
perpendicular to the south — east wind
directions.
PV roofs with shortwave radiation
Urban Temperature
larger than that of bare surfaces
Comfort Index, UHI i
L . seemed cooler and offered less sensible
mitigation scenarios under heat to the air
trees coverage and RTPV, ) T L. [128]
. . . The PV interventions in air
Simplified analysis, .
. . temperature limited about 5m below
convection effects lacking
the roof.
Humidity, mean radiant temperature
and wind speed are also affect the
outdoor thermal comfort
RTPV as a shading device depicts a
Passive cooling assessment slight increase of the nearby
with two key performance  environment heat.
indicators Cool Roofs mitigate the rejected heat to
Cool roof, natural the environment up to 50% in all three [134]
ventilation and RTPV cities with temperate climates due to
comparison for UHI increased albedo.
mitigation Nocturnal night ventilation has no or
low impact in the outdoor cooling
potential
Energy plus simulation Both energy demand and supply
with Open Studio plugin  optimization are needed to be
coupled with Urban integrated with urban climatic
Weather Generator, conditions and radiation

[132]
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UHI free and UHI UHI increased the building energy
influenced comparison are  demand for air conditioning while the
examined. PV electricity supply declined by 0.33%
PV model based on Energy In Net Zero Energy Building Districts
plus is used (NZEB) the 60% facade PV covering

reduced the modules productivity by
11% and more RTPV are needed to fill
the gap.

4.1.3. The effect of BIPV on the built and urban environment of Europe

Building integration of photovoltaics affect their surrounding environment with a variable
effect, influenced by many parameters and processes as the local global horizontal irradiation, PV
geometries, PV-solar interaction properties (efficiency, albedo, thermal storage capacity, heat transfer
and radiative loss), surface conditions underneath the photovoltaic panels (before and after panel
deployment), wind direction and speed, heat balance of the surrounding environment (e.g., presence
of water bodies with increased evaporation), sky-view factor and prevailing atmospheric conditions
as temperature, humidity, precipitation and snow. Due to the large and wide variability of these
parameters and the approximations used in modelling, conflicted conclusions have been reported in
the scientific literature with both positive and negative effects of BIPV on the built environment.

In high-latitude climate, the literature review revealed that urban studies in the European cities
are mainly concentrated on PV building integration and their effect on building energy performance
or indoor environment. Outdoor effects are less studied especially in the high-latitude climate with a
significant research gap in the studies on solar accessibility for the built environment and in
agreement with the recent study of Formolli et al. 2023 [135].

In the warm urban microclimate of a strong heatwave at European mid-latitudes (or typical
climate conditions of low latitude cities as in South Europe) with maximum summertime
temperatures of 36°C and minimum of 27°C, Zonato et al., 2021 [136] found that rooftop photovoltaics
have a positive effect on the building energy consumption (up to 210%) for all the studied urban
configurations due to the electricity produced by the installed photovoltaics. In their study, a very
low roof reflectance of 0.11 was used which combined with 0.19 PV efficiency attributes the largest
remaining fraction of the incoming radiation to be converted in sensible heat and be transferred by
convection in the surrounding environment. Therefore, air temperature at 2m in the PV environment
increases during daytime with a peak of 1.5°C early in the morning and decreases at night up to 0.5°C
due to the reduced heat stored in the building and emitted at night-time. In contrast, cool and green
roofs were found to be more effective in reducing the 2m air temperature. Same results were also
recently observed by Tan et al. (2023) [137] in the city-scale of the climate of Chicago (GHI: 1440
kWh/m?/y and considering a heatwave of 35°C) by applying a regional scale model of high resolution
coupled with a building energy model and PV with albedo, efficiency, and emissivity of 0.2, 0.19,
0.90, respectively in parallel and unattached to the roof, parametrization. The model was validated
by measuring 2m air temperatures with a good agreement but underestimated the 10m wind speed
(and probably the daytime convective warming during the day due to the heat transferred from PV
panels). In this work, the rooftop PV panels decreased the daytime temperature up to 0.6°C, a value
lower than the corresponding of green roofs (1.2°C) and cool roofs (1.5°C). The daily average air-
conditioning needs were reduced by 7.6 %, 14% and 16.6 % for RTPVs, green and cool roofs,
respectively [137]. However, energy savings due to photovoltaics were increased to 46.7% by also
summing electricity production.

In addition, the positive PV effect in the reduction of energy consumption is even higher if a
higher reflectance is used. 17.8% reduction of the building cooling needs was determined with the
RTPV deployment for a roof reflectance of 0.45 by Kapsalis et al., 2015 [138]. The reduction can take
even higher values for several climatic zones if a white roof is considered underneath the
photovoltaics panels [139] or these are installed on top of green roofs [136]. In these cases, the
potential PV heat effect in increasing air-temperature is counterbalanced either directly by white
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roofs beneath the PVs or indirectly by the green roof for all the diurnal cycle with a positive additional
effect in the night-time and wintertime. However, PV panels over a cool or a green roof increase the
heat flux in the built environment, especially in warm and hot climate, compared to each solution
[139]. Therefore, the excess heat generated in the PV environment can be dissipated by the use of
phase change materials or thermal systems in PV/T combinations or with the installation of green
walls. According to the results assessed in this review, the deployment of rooftop PV for electricity
production and radiation shading combined with green walls as shadings and reducing both sensible
and latent heat can be synergistically beneficial for the warm and hot climatic zones. Since green
space is the most effective greenery mitigation strategy for the street-level UHI air temperature
reduction during the summertime in almost all climatic zones of Europe with high sensible heat, the
rooftop PV deployment should be ad hoc accompanied with the increase of trees and canopy cover
in the urban environment. Towards sufficiency in energy production and a healthy urban
environment, the potential air temperature increase per deployed PVs in hot climate should be
balanced by an effective equivalent air temperature decrease per surface area of added vegetation.
This first approximation in energy budget assumes a normalized equivalence between the two effects
and a linear cooling from urban greenery. Since the research field of the synergistic effects of NBS
and solar technologies in the urban energy budget is complex with the absence of large-scale
experimental measurements, it needs particular attention and beyond integrated simplifications and
approximated modelling.

It should also be noted that air temperature is an important factor to control in the urban
environment and appropriate to start urban planning. However, all the parameters affecting indoor
and outdoor thermal comfort like urban geometry, humidity, radiant load, and ventilation should be
subsequently integrated in the thermal comfort design of urban neighbourhoods with the strategic
goal of a sustainable planning with protection and enhancement of ecological systems and processes
and reduction of GHG emission and use of resources. In this context, the co-function of different UHI
and climate change mitigation methods in the strategic management of urban spaces will be
maximized and succeed in making cities resilient to heat stresses, sustainable and liveable.

In the warm and hot climatic zones of the cities above and below Mediterranean Sea, the severity
of microclimate change with UHI is high and will be further exacerbated from climate change with
intense heatwaves, health effects and lives threats. In these urban areas, water bodies are the most
effective UHI mitigation method in temperature reduction due to the transformation of the largest
part of environmentally sensible heat in evaporated water vapor. However, the increase of humidity
partially counterbalances the high improvement of urban thermal comfort. Therefore, the
effectiveness of green spaces in the latter is higher due to the shading effect of trees and partially
(around 0.3) reflection of incoming irradiation back to the atmosphere in addition to the heat
reduction through evaporation and transpiration. The effect has been quantitively characterized by
ENVI-met modelling in the hot climate of Beirut, Lebanon by comparing “green” and “blue” models
[140]. In the same study, a “white” model with cool materials was found to positively affect only
main roads and places with high sky-view factors during the daytime compared to shaded areas.
Therefore, urban parks with greenery and water bodies, cool materials for roads and pervious
pavements are essential means to regulate the heat released in the built environment while BIPV
deployment is required for deep decarbonization and sustainability of the urban landscape.

Moreover, sufficiency at different scales (neighbourhood, district, city) may require additional
technological solutions to overcome the intermittent nature of solar energy, especially in the mid-
and high-latitude cities. In this case, energy storage can be used at the corresponding scale of PV
deployment. On the building and neighbourhood scale, the interconnection of building energy to
electric vehicles storage system can provide a mitigating solution to the diurnal lack of solar
electricity accessibility and at all climatic conditions. In the district level, heating and cooling storage
at a seasonal level have been successfully combined with RTPVs in the mid- and high- latitudes cities
for positive energy districts. Use of NBS based on water bodies and grey urban infrastructure as a
storage medium is another opportunity to merge solar technological to natural solutions. Ultimately,
carbon neutrality at the city level can be attained by full decarbonization from fossil fuels and
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electrification with additional utility-scale solar energy applications, if needed, and large-scale
storage by hydro-pumps.

4.2. Solar cities and energy citizenship: empowering communities in sustainable energy transition

4.2.1. Solar city and energy citizenship: pioneering new frontiers in sustainable energy concepts

Mitigating climate change and transitioning to renewable energy sources necessitates active
citizen involvement in the energy transition process. Energy citizenship provides a system that
enables individuals and communities to actively participate in shaping their energy systems [141,
142]. On the other hand, solar city initiatives represent a comprehensive approach to introducing
solar energy in urban areas, effectively engaging communities and promoting energy citizenship
[143].

Solar city initiatives encompass various aspects, including solar installations on public and
private buildings, public engagement, financial incentives, and policy support. Integrating these
components aims to maximize solar energy production, optimize energy efficiency, and encourage
local participation [144, 145]. The concept of a solar city revolves around a comprehensive and
integrated approach to urban planning and development, focusing on maximizing solar energy
utilization within a city or urban area. It involves strategies and initiatives to promote the widespread
adoption of solar technologies, optimize energy efficiency, and foster sustainable energy practices
[146].

Solar cities rely on harnessing the power of sunlight as a renewable energy source through
technologies such as photovoltaic panels, solar water heating systems, and solar thermal applications
[147]. To maximize solar energy production and utilization, these technologies are seamlessly
integrated into the city's infrastructure, including roofs, facades, and open spaces. The realization of
a solar city typically requires collaboration and coordination among multiple stakeholders, including
local governments, urban planners, architects, engineers, utilities, and community organizations
[148]. Together, they strive to create a conducive environment for solar adoption by developing
supportive policies, streamlining regulations, providing financial incentives, and fostering public
engagement [149].

The key guiding objectives of the solar city initiative are as follows: i) Renewable energy
production: Promoting widespread adoption of solar technologies to produce clean and sustainable
energy, thereby reducing dependence on fossil fuels and GHG emissions [150, 151]; ii) Energy
efficiency: Optimizing energy use and implementing energy-efficient practices in buildings and
infrastructure within the city to complement solar energy production and achieve a more sustainable
energy balance [146]; iii) Local ownership and participation: Encouraging community engagement
and empowering citizens to actively participate in the energy transition by facilitating access to solar
energy, fostering collaborative models, and ensuring local ownership and control of solar
installations [152]; iv) Sustainable urban development: Integrating solar energy technologies into
urban planning and design, seamlessly incorporating them into the built environment to improve the
aesthetic appeal, functionality, and sustainability of cities [148]; and v) Economic development:
Creating jobs and stimulating local economic growth through the installation, operation, and
maintenance of solar energy systems, thereby contributing to the green economy [150, 153].

Solar city represents a holistic and inclusive approach to urban development that leverages solar
energy as a key component of sustainable and renewable energy systems [154]. By integrating solar
technology into the urban fabric, engaging stakeholders, and implementing supportive policies, solar
city initiatives aim to create environmentally friendly, economically viable, and socially inclusive
cities for a sustainable future.

In contrast, energy citizenship is defined as a concept that empowers individuals and
communities to actively participate in and take ownership of their energy systems [104, 155]. It
encompasses citizens’ rights, responsibilities, and opportunities to participate in decision-making
processes, access renewable energy resources, and promote the transition to sustainable and clean
energy. Energy citizenship recognizes that energy is not solely a technical and economic matter but
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also a social and political issue. It emphasizes the active involvement of individuals and communities
in shaping their energy future, considering their needs, aspirations, and values [156].

The main elements of energy citizenship include: i) Participation: Energy citizenship highlights
the importance of involving citizens in energy-related decision-making processes. It promotes public
engagement, dialogue, and collaboration among stakeholders, including individuals, communities,
policymakers, industry, and civil society organizations [157]; ii) Rights and responsibilities: Energy
citizenship acknowledges the right of individuals and communities to access clean, affordable, and
reliable energy services [158]. It also emphasizes the responsibility of citizens to make informed
choices, promote energy conservation, and adopt sustainable energy practices; iii) Access to
renewable energy: Energy citizenship supports equal access to renewable energy resources, enabling
citizens to participate in and benefit from the clean energy transition. It advocates for the
democratization of energy, ensuring that all members of society have equal opportunities to produce,
consume, and share renewable energy; iv) Energy education and awareness: Energy citizenship
emphasizes the need for education and awareness programs to enhance citizens' understanding of
energy issues, technologies, and the environmental impact of energy choices [159]. It encourages
informed decisions and empowers people to make sustainable energy choices in their daily lives; and
v) Energy justice: Energy citizenship incorporates the principles of energy justice, aiming for fairness,
equity, and inclusiveness in energy systems [160]. It recognizes that the energy transition should not
disproportionately burden vulnerable communities but prioritize their well-being and access to clean
energy resources. Through energy citizenship, individuals and communities can actively participate
in energy policymaking, support the use of renewable energy, and promote sustainable practices. It
fosters a sense of ownership, engagement, and responsibility, empowering citizens to contribute to a
more sustainable energy future.

In summary, energy citizenship seeks to bridge the gap between energy decision-makers and
society, ensuring that energy systems align with society's values, contribute to environmental
sustainability, and enhance the well-being of communities.

4.2.2. Comparing solar city and energy citizenship: a paradigm shift in sustainable energy transition

The global pursuit of a sustainable energy transition has led to innovative approaches to
harnessing renewable energy sources. Two emerging concepts, solar cities and energy citizenship
have gained significant attention due to their potential to reshape the energy landscape. Solar city
focuses on local-scale solar energy production and integration within urban areas. At the same time,
Energy citizenship emphasizes the active participation of individuals and communities in producing
and managing of renewable energy. Solar cities and energy citizenship present distinct approaches
to addressing sustainability and climate change challenges. To compare both concepts, it is necessary
to evaluate their benefits and challenges.

The key benefits of solar city include: i) Decentralized Energy Generation: Solar city promotes
the decentralized generation of electricity, reducing dependence on centralized power plants and
transmission infrastructure [161]; ii) Carbon Footprint Reduction: Solar city contributes to the
reduction of GHG emissions by replacing fossil fuel-based electricity with clean solar energy [162];
iii) Energy Cost Savings: Local solar energy production can reduce energy bills for households,
businesses, and communities, leading to increased energy affordability [163]); and iv) Resilience and
Security: Solar city enhances energy resilience by diversifying the energy mix and reducing
vulnerability to disruptions in the centralized energy grid.

Solar city faces the following challenges: i) Space Constraints: Urban areas may face limited
available space for solar panel installation, necessitating creative solutions such as rooftop
installations, solar canopies, or shared community solar projects [164]; ii) Grid Integration:
Integrating solar energy into existing grid infrastructure poses technical challenges, including grid
stability, load balancing, and power management [165]; and iii) Upfront Costs: The initial investment
required for solar panel installation can be a barrier for some households or communities [166],
although declining costs and financial incentives have made solar energy more accessible.


https://doi.org/10.20944/preprints202306.1540.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 21 June 2023 doi:10.20944/preprints202306.1540.v1

21

Energy Citizenship Benefits are i) Empowerment and Local Engagement: Energy Citizenship
empowers individuals and communities by allowing them to actively contribute to the energy
transition [153]. It fosters a sense of ownership, participation, and shared responsibility; ii) Social and
Economic Development: Community-based renewable energy projects can stimulate local
economies, create job opportunities, and enhance social cohesion [167]; and iii) Education and
Awareness: Energy Citizenship raises awareness about renewable energy and fosters a culture of
sustainability through education and knowledge sharing.

Energy Citizenship Challenges include i) Regulatory and Policy Frameworks: Existing
regulations and policies may not fully support the integration of community-based renewable energy
projects, hindering their development and scalability [168]; ii) Financial and Technical Expertise:
Establishing and managing community energy projects requires financial resources, technical
knowledge, and administrative capabilities that may pose challenges for some communities; and iii)
Social Inclusion: Ensuring equitable access to energy benefits and opportunities across diverse
communities is crucial for the success of energy citizenship.

While solar city and energy citizenship differ in their focal points, they share several common
objectives and potential synergies. Both concepts aim to decentralize energy production, increase
renewable energy adoption, and foster community engagement. Combining the principles of solar
city with the participatory aspects of energy citizenship can lead to enhanced sustainable energy
outcomes. For instance, solar city initiatives can be integrated into community-based projects, where
residents actively contribute to and benefit from local solar energy generation.

Solar city and energy citizenship represent innovative approaches in the pursuit of a sustainable
energy transition. While solar city focuses on the integration of solar energy within urban areas,
energy citizenship emphasizes community engagement in renewable energy production and
management. Both concepts offer unique benefits and face specific challenges. By leveraging their
potential synergies, policymakers, communities, and individuals can work towards a more inclusive,
resilient, and sustainable energy future.

The synergetic benefits of solar city and energy citizenship include increased renewable energy
production, reduced GHG emissions, improved local economic development, greater personal
freedoms of citizens (financial, information access, etc.), and improved public involvement in civic
processes. However, integration of solar city and energy citizenship face significant challenges such
as upfront costs, regulatory hurdles, and the need for effective stakeholder engagement and
education to ensure the long-term success of solar city and energy citizenship projects. One of the
significant challenges is adapting supportive policies and systems. The future of solar cities and
energy citizenship is closely linked to the adoption of technologically adapted approaches that suit
different local conditions. Policy implications include financial incentives, simplified permitting
processes, and the importance of community capacity building to promote widespread adoption of
solar city initiatives and energy citizenship. Equally important is educating society about the benefits
and opportunities provided by these concepts.

Together, with the principles of energy citizenship, solar city initiatives offer promising growth
for empowering communities and promoting a sustainable energy transition. Solar cities and energy
citizenship initiatives can drive meaningful change at the community level by engaging citizens,
fostering local participation, and encouraging the use of renewable energy. However, to maximize
the impact of these initiatives and ensure a sustainable energy future based on energy citizenship, it
is essential to address the financial and technological challenges and secure political support now.

5. Harnessing solar energy and nature-based solutions

Recent studies suggest that relying solely on NBS may not be adequate in mitigating the global
and regional impacts of climate change. Roebroek et al. (2023) [169] conducted a study examining the
effects of ceasing human activities such as wood harvesting and fire suppression in forests on their
carbon sequestration capacity. The results revealed a marginal increase of approximately 15% in
global forest carbon storage that occurs naturally, without human intervention. However, this
increase is insufficient to counterbalance the continuous emission of anthropogenic carbon and
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effectively mitigate climate change. It merely delays its progression by a few years. Similarly,
Griscom et al. (2019) [170] reached a similar conclusion, emphasizing the need for a combination of
natural and energy-based solutions to stabilize the climate. At the urban level, Brilli et al. (2022) [171]
conducted research on a representative medium-sized European city and found that afforestation
efforts increased CO: sequestration capacity from 33.1 ktCOq/y to 51.0 ktCO2/y. However, these
values represent only 7.1% and 11% of the city's total emissions (465.8 ktCO:/y), respectively.
Consequently, urban afforestation alone is incapable of achieving carbon neutrality, and significant
decarbonization measures are required. Therefore, it is crucial to reduce carbon emissions through a
clean energy transition, emphasizing the utilization of solar energy in the built environment, to
ensure the sustainability of our living environment. In this context, harnessing solar energy and NBS
are crucial strategies for achieving climate neutrality in cities. These two approaches can work
together synergistically to create sustainable urban environments. For instance, solar energy systems
can be integrated with NBS to enhance their functionality and environmental benefits. One example
is combining solar-powered water pumps with NBS such as rainwater harvesting systems or green
infrastructure for sustainable irrigation in urban gardens or agricultural areas [172]. Another example
is the installation of solar-powered lights in parks, greenways, or pedestrian areas where NBS
elements are implemented, promoting safety, accessibility, and energy efficiency [173].

Furthermore, integrating solar panels into NBS infrastructure offers dual benefits of renewable
energy generation and environmental enhancement. For instance, installing solar panels on green
roofs enhances energy production and leverages the cooling and stormwater management properties
of the green roof system [174]; and integrating solar panels within tree-like structures or shading
canopies, known as solar trees and canopies, combines renewable energy generation with the benefits
of urban greening [175]. Additional examples include using solar energy to power decentralized
water treatment systems integrated with NBS, such as constructed wetlands or natural filtration
systems, to enhance water quality and reduce energy demand [176], and implementing solar-
powered floating wetlands, which incorporate solar panels to power aeration systems, promotes
water purification and biodiversity [177].

5.1. State of the art for harnessing solar energy and nature-based solutions

The integration of solar energy and NBS is a relatively new and evolving field. While both solar
energy and NBS have been implemented independently, their integration is a more recent
development. As a result, there is a lag in the number of documented case studies showcasing this
specific combination. In addition, integrating solar energy and NBS can present technical, logistical,
and regulatory challenges. It requires coordination between stakeholders, such as urban planners,
architects, energy providers, and environmental agencies. Overcoming these challenges and ensuring
successful integration may take time, resulting in a limited number of implemented projects to date.
Also, the integration of solar energy and NBS often depends on the local context, including climate,
available space, and policy frameworks. Each city or region has unique circumstances, which can
influence the feasibility and implementation of such integrated solutions. This context-specific nature
may limit the generalizability of case studies across different locations. Furthermore, it is possible
that some successful integration projects exist but have not been widely documented or published.
The lack of available case studies may be a result of a research and documentation gap, where
valuable projects have not been extensively studied or shared within the scientific community or
public domain. Despite the current scarcity of case studies, there is a growing interest in and
recognition of the potential synergies between solar energy and NBS. As the field evolves, more case
studies will likely emerge, highlighting successful integration projects and offering valuable insights
for future sustainable urban development.

One notable example of the coexistence and synergy of NBS and building-integrated
photovoltaics in the built environment globally is the Centre for Sustainable Landscapes in
Pittsburgh, USA (Figure 2). The Centre, which is a part of Phipps Conservatory and Botanical
Gardens, was established with the aim of advancing sustainability, promoting human well-being,
and fostering environmental and human health connections. The building itself is designed to achieve
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net-zero to positive energy performance. It accomplishes this through the integration of solar
photovoltaics, with a capacity of 125.25 kW, as well as a vertical wind turbine generating 2.4 kW of
electricity. Geothermal energy is employed for heating and cooling purposes, while an array of
passive technological systems, including ventilation and shading techniques such as phase change
materials, further enhance energy efficiency. Additionally, the Centre demonstrates net-zero water
management through a combination of hybrid, grey, and green technologies for water collection and
reuse. This holistic approach ensures that the Centre minimizes its reliance on external resources,
achieving self-sustainability in terms of energy and water usage. The example of the Centre for
Sustainable Landscapes clearly illustrates that the integration of NBS and solar energy technologies,
both passive and active, can enable the attainment of net-zero resource consumption. It demonstrates
the feasibility of merging these approaches to create self-sustained and environmentally conscious
built environments. This case serves as a compelling testament to the potential of synergistic solutions
in advancing sustainable urban development and inspiring future projects.

Figure 2. The Centre for Sustainable Landscapes is part of Phipps Conservatory and Botanical
Gardens (Source: Google Earth).

Here are a few case studies that demonstrate the integration of solar energy and NBS in Europe,
including 1) The Solar Leaf Fagade - Zurich, Switzerland: In Zurich, the Solar Leaf project combines
solar energy generation with green fagades. The building's innovative facade consists of bioreactors
with microalgae that harness solar energy and convert CO: into biomass. The system generates
renewable energy while providing shade and insulation, reducing the building's energy demand
[178]; 2) Solar-Powered Floating Wetlands - Rotterdam, The Netherlands: The Floating Ecosystem
project in Rotterdam incorporates solar panels into floating wetlands. The solar panels power
aeration systems that enhance water quality and support biodiversity, while the wetlands provide
natural water purification and habitat creation. This integration offers a sustainable approach to
urban water management [179]; 3) Solar Trees - Barcelona, Spain: In Barcelona, solar trees are
deployed to combine renewable energy generation with urban greening. These tree-like structures
incorporate solar panels in their canopy, providing shade, generating solar energy, and improving
the aesthetics of urban spaces. The solar trees contribute to the city's sustainability goals by promoting
clean energy and urban greenery [180]; and 4) Solar-Powered Green Infrastructure - Malmo, Sweden:
The Solgarden project in Malmo integrates solar energy with green roofs. Solar panels are installed
on the green roofs, combining renewable energy generation with the benefits of temperature
regulation, stormwater management, and biodiversity enhancement provided by the green roof
systems. This integration demonstrates the synergies between solar energy and green infrastructure
[181].
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5.2. Challenges and opportunities

The pursuit of climate-neutral urban environments by harnessing solar energy and nature-based
solutions (NBS) presents both challenges and opportunities. The implementation of solar energy
technologies and NBS faces shared barriers that require attention for successful integration. One
significant challenge is the inadequacy of existing urban infrastructure, which often lacks the
necessary design and technologies to effectively incorporate solar energy and NBS [182]. Retrofitting
buildings to accommodate solar panels, green roofs, or vertical gardens can be costly and necessitates
careful planning and coordination [183]. Moreover, limited space in urban areas poses difficulties in
finding suitable locations for solar installations and implementing NBS. Optimizing energy
production and ensuring sufficient sunlight availability further complicate the integration of solar
energy systems [184]. Additionally, comprehensive planning and policy frameworks present another
challenge. Building climate-neutral urban environments necessitates collaboration among various
stakeholders, including urban planners, architects, policymakers, and the community. Developing
comprehensive strategies, regulations, and incentives to promote the adoption of solar energy and
NBS is crucial. Overcoming administrative barriers, streamlining permitting processes, and
providing financial support for implementing these technologies are essential steps [182-185].

However, there are significant opportunities associated with the integration of solar energy
technologies and NBS, leading to diverse synergistic benefits. For instance, it enhances energy
efficiency in buildings and urban environments, reduces energy consumption, and results in cost
savings for building owners and occupants. Additionally, there is policy support, such as the
European Union's initiatives, which provide funding and support for greening urban landscapes and
achieving climate neutrality [186]. Programs like Horizon Europe, the European Green Deal, and the
Urban Agenda for the EU aim to accelerate the transition towards sustainable and carbon-neutral
cities by integrating solar energy technologies and NBS [187]. The Horizon Europe program has
allocated over €100 billion for research and innovation projects, including those focused on
sustainable energy and climate solutions [188]. Furthermore, the European Green Deal aims to
mobilize at least €1 trillion in investments over the next decade to achieve carbon neutrality and
promote sustainable urban development [189].

To effectively leverage these opportunities, collaboration and knowledge-sharing among cities
are crucial. Sharing best practices, success stories, and lessons learned can accelerate the transition
towards climate-neutral urban environments. Initiatives like the Smart Cities and Communities
European Innovation Partnership (EIP-SCC) and the Covenant of Mayors for Climate and Energy
facilitate experience exchange and promote cooperation among cities in adopting solar energy and
NBS [189, 190]. Through learning from each other and working together, European cities can
overcome challenges, drive innovation, and create sustainable urban environments that prioritize
clean energy and the integration of NBS.

6. Conclusions

Building climate-neutral urban environments requires a comprehensive approach, as no single
solution can effectively improve urban climate resilience. The integration of solar energy systems in
urban areas holds immense potential for reducing reliance on fossil fuels, decreasing greenhouse gas
emissions, and achieving energy independence. By leveraging technologies like photovoltaic systems
and solar thermal technologies, cities can tap into abundant renewable energy resources, contributing
to a transition towards a clean energy future. This integration not only reduces vulnerabilities in
centralized power grids but also enhances urban resilience through decentralized energy production.

NBS plays a critical role in establishing climate-neutral urban environments. Implementing
green roofs, vertical gardens, and urban forests offers numerous benefits, including improved energy
efficiency, mitigation of the urban heat island (UHI) effect, enhanced air quality, promotion of
biodiversity, and the creation of appealing green spaces for residents. These solutions have
transformative potential, making cities more liveable, sustainable, and ultimately improving the well-
being and quality of life for urban dwellers.
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Harnessing solar energy and implementing NBS are transformative steps towards building
climate-neutral urban environments and addressing the challenges posed by climate change while
promoting sustainable development. Although obstacles such as infrastructure upgrades and
comprehensive planning exist, the opportunities presented by solar energy and NBS are significant.
Their synergistic impact varies depending on the type of NBS and solar energy, climatic conditions,
and specific location.

In South Europe, green walls have proven particularly beneficial in effectively mitigating the
UHI effect and reducing building energy consumption. Conversely, the use of facade photovoltaics
(PV) may not be as effective compared to strategies like rooftop PV and shading techniques in this
region. Therefore, a combination of green walls and rooftop PV emerges as a suitable approach for
achieving energy efficiency and addressing the UHI effect in South European climates.

In North Europe, the performance of green walls in terms of building energy and UHI effects
may be less pronounced. Other strategies, such as facade PV systems, have the potential to yield
better results in North European climates compared to South Europe. Hence, combining facade PV
systems with shading techniques becomes more appropriate for addressing energy performance and
UHI effects in North European contexts.

In mid-Europe, the effects of green walls on building energy performance and UHI mitigation
may not be as evident as in the extreme climates of South and North Europe. Consequently,
combining green walls with other strategies may not be as critical in this region. However, it is
important to consider site-specific factors and conduct further research to assess the potential benefits
and feasibility of combining different strategies in mid-European climates.

To optimize building energy performance and mitigate the UHI effect, it is essential to consider
the regional context, climate, and building characteristics when determining the most suitable
combination of strategies. Additionally, collaboration and knowledge-sharing among cities are
pivotal in accelerating the adoption of solar energy and NBS. By exchanging best practices, sharing
successful case studies, and learning from past experiences, cities can overcome challenges,
streamline processes, and inspire innovation. With the right strategies, collaborative efforts, and
support, cities can lead the way in transforming urban areas into climate-neutral and resilient hubs
that prioritize clean energy and the integration of NBS.

While green infrastructure and photovoltaics are vital components, achieving carbon neutrality
requires rethinking traditional socio-economic growth models of power and consumption.
Furthermore, the preservation of landscapes and plants is crucial for our connection to nature. As
urban land availability becomes limited due to the growing demand for renewable energies
worldwide, the coexistence of NBS should be acknowledged and protected. Therefore, an urgent
need exists for an eco-design NBS-photovoltaics urban framework that integrates the natural,
technical, and social aspects of sustainability to mitigate the severe consequences of irreversible
climate change.

In summary, building climate-neutral urban environments in Europe requires commitment,
collaboration, and comprehensive planning. By embracing the opportunities presented by solar
energy and NBS, European cities can take the lead in mitigating climate change, enhancing energy
efficiency, and creating sustainable and resilient urban environments for the benefit of both present
and future generations.
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