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ARTICLE INFO ABSTRACT

Keywords: Climate change and urbanization intensify environmental risks and deepen social inequalities,
Rooftop green infrastructure calling for equitable adaptation and mitigation strategies. Urban rooftops provide untapped
Photovoltaic systems multifunctional spaces for integrated climate actions. Yet, their assessment is often limited to

Vulnerability mapping

single-technology approaches, neglecting integrated perspectives. This study presents the Roof-
Sustainable energy action plan g 8y app. > Neg & g persp! y P

Urban heat islands tops for Equity and Sustainability (RT4ES) model, a GIS-based multi-criteria decision analysis

GIS modeling combining rooftop suitability with vulnerability-informed prioritization. Using open-access

Urban climate justice spatial data, RT4ES evaluates the feasibility of extensive and intensive green roofs, rooftop gar-
dens, and photovoltaic systems, integrating socio-economic and environmental vulnerability
indices. Applied to Padua (Italy), the model identifies 11.67 km? of net suitable rooftops across
29,493 buildings, emphasizing eastern, northeastern, and central areas where feasibility and
vulnerability converge. Overall rooftop greening opportunity yields around 10.94 km? of addi-
tional vegetated surfaces, which corresponds to 20.95% of the inventoried on the ground green-
space stock. Concerning rooftop PVs potential, this yields around 302% of municipal household
electricity consumption. Results suggest that individual and co-locating green roofs and photo-
voltaics enhances both energy efficiency and ecosystem services. By incorporating social and
environmental vulnerability, RT4ES reorients priorities toward compact, underserved neighbor-
hoods, fostering inclusivity and resilience. This open-source, replicable tool supports equitable
multifunctional rooftop planning aligned with local and international frameworks.

1. Introduction

Urbanization continues to accelerate worldwide, increasing environmental pressures in cities. More than half of the global pop-
ulation currently lives in urban areas, a figure projected to reach 68% by 2050 (United Nations, Department of Economic and Social
Affairs, Population Division, 2019). Urban centers also account for around 75% of global energy consumption, and produce 70% of
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energy-related CO, emissions (International Energy Agency, 2021). Meanwhile, global warming has increased average surface tem-
peratures by about 1.1 °C above pre-industrial levels (Lee et al., 2023). Together, these trends make cities pivotal points for both
climate mitigation and adaptation efforts. Consequently, climate hazards, including Urban Heat Island (UHI) effect, flash flooding, air
pollution, and biodiversity loss, are already intensifying, harming both the environment and individuals, with low-income and
marginalized communities bearing a disproportionate burden (Calvin et al., 2023; Harlan et al., 2006).

During the past decade, urban planners have recognized the role of ecosystem services in addressing climate-related urban risks,
including those mentioned above (Carter and Fowler, 2008; Dong et al., 2020; Kumar et al., 2025; Santos et al., 2016). In this context,
Green Infrastructure (GI), such as parks, street trees, urban forests, and urban agriculture, can help mitigate these hazards while
delivering co-benefits for climate change adaptation, public health, and urban equity (Chen et al., 2024; Codato et al., 2024; Demuzere
et al., 2014). Among GI options, Green Roofs (GRs) and Rooftop Gardens (RG) stand out because they retrofit underutilized rooftop
space to deliver building and neighborhood scale cooling, attenuate surface runoff, improve air quality, and provide habitat for
biodiversity (Kostadinovic et al., 2023; Madre et al., 2014; Marin et al., 2023). Among GR options, the most considered typologies are
Extensive Green Roofs (EGR), lightweight vegetated systems with shallow substrates (typically less than 10-15 cm) and low-growing,
stress-tolerant plant communities; Intensive Green Roofs (IGR), deeper-substrate systems (greater than 15 cm) that support more
diverse plantings (e.g., lawns, shrubs, small trees); and Rooftop Gardens (RG), accessible roof landscapes for amenity and/or food
production (Harada and Whitlow, 2020; Oberndorfer et al., 2007; Ma et al., 2024a).

In the most recent EU strategies, GRs are considered strategic solutions to restore ecosystem services and to adapt cities to climate
change. According to the EU Soil Strategy for 2030, roofs enable the reuse of land that is already occupied or sealed, as reported by the
Land Take Hierarchy (European Commission, 2021). The EU Biodiversity Strategy for 2030 highlights the role of GRs as strategic
interventions that should be included in the new Urban Greening Plans, contributing to biodiversity, climate resilience, and improved
urban sustainability and equity planning (European Commission, 2020). In fact, in densely built cities, rooftops typically constitute
20-25% of the planimetric urban surface (Nguyen Dang et al., 2022). Given the limited ground-level space and the extensive sealing of
surfaces, this roofscape provides additional opportunities, mitigates some ecosystem services lost with imperviousness, and simul-
taneously providing a further or alternative platform for decarbonization strategies (Dong and He, 2023). Moreover, even small and
simple GRs can provide moments of restoration for citizens where more substantial interventions and public spaces are not feasible
(Mesimaki et al., 2019). However, as reported by scientific literature, there are different constraints to the adoption of these solutions.
As reported by Liberalesso et al. (2020), despite the recognized environmental and social value of GRs, a persistent mismatch between
their broader benefits and financial assessments, driven by high upfront and maintenance costs, limits private investment, pressuring
municipalities worldwide to rely on incentive policies, particularly financial subsidies and regulatory obligations, to support their
adoption. Moreover, while in some countries, as for example China, accelerated urbanization has led to a rapid expansion of buildings
and, as a consequence, of new roofs, in European countries, the limited space does not allow new buildings. Therefore, the majority of
efforts should be related to retrofitting existing buildings, avoiding greenwashing of some GRs and, at the same time, testing different
technologies other than traditional GRs, that could be heavy for existing and old constructions (Wojcik-Madej et al., 2026; Yan et al.,
2026).

A widely recognized role of rooftops is also their use for hosting Photovoltaic Systems (PVs). Renewable energy sources are
increasingly deployed to enhance security of supply, mitigate climate change, and reduce household energy costs (Baranes et al.,
2017). In Europe, PVs generation increased by approximately 36 TWh in 2023, reaching around 9% of total EU electricity (Brown and
Jones, 2024). The Intergovernmental Panel on Climate Change (IPCC) identifies rapid electricity decarbonization, driven by cost
declines in PVs (and storage), as pivotal for near-term mitigation, reinforcing the rationale for building-integrated PVs to cut oper-
ational emissions and reduce exposure to fossil-fuel price volatility (Clark et al., 2008). Beyond conventional rooftop installations,
more recent solutions such as building-integrated photovoltaics (BIPV) extend solar harvesting beyond rooftops to facades, skylights,
and other envelope elements, particularly in dense urban centers where roof area is scarce (Martin-Chivelet et al., 2022; Ni et al.,
2025). However, despite their potential, robust city-scale assessments of BIPV remain constrained by data availability, modeling
complexity, and regulatory and economic barriers (Dehghanimadvar et al., 2022; Ni et al., 2023).

Given this background, these rooftops' technologies are promoted in spatial planning by EU policymakers as a viable strategy to
improve climate mitigation and adaptation, energy transition, and overall urban resilience (Cruz Torres et al., 2023). However, at both
academic and policy levels, rooftop interventions are typically treated as single-technology responses. Although there is a growing
interest in combining these two technologies, the existing academic literature remains fragmented, as most studies focus on isolated
performance aspects rather than on the integrated and scalable synergies between these systems (Yan et al., 2026). This fragmentation
results in analyses that evaluate either GRs or PVs for isolated purposes, such as microclimate regulation, renewable energy, or CO,
emissions (Islam et al., 2023; Melius et al., 2013; Rowe, 2010). For instance, a systematic review by Abdalazeem et al. (2022) shows
that only a limited number of studies (28) jointly examine the integration between PVs and GRs, in relation to the performance of three
main parameters (UHI mitigation, energy-saving and indoor thermal comfort), while most articles (157) analyzed GRs individually. As
a result, the performance of these combined systems, across different climatic contexts, needs more in-depth investigation, especially
during winter season, which is not explicitly addressed in any of the reviewed studies.

This lens often overlooks the gains from assessing multiple systems together, synergetic opportunities, thus limiting socio-
environmental benefits and opportunities for collective, synergistic, multifunctional uses. For example, recent studies shows
improved performance from integrated “bio solar” configurations that co-locate PVs with vegetated roofs, rather than deploying a
single use (Van Der Roest et al., 2023). For example, Alonso-Marroquin and Qadir (2023) reported how the integration of PVs with GRs
enhanced indoor thermal comfort by approximately 6% compared to conventional PVs, while simultaneously lowering photovoltaic
operating temperatures by up to 8 °C and contributing to extending the life of PVs modules.
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The integration of the two systems presents multiple technical, economic, and contextual challenges that continue to limit the
widespread adoption of PV and GRs solutions across different regions (Shafique et al., 2020). As already mentioned, there is a lack of
comprehensive experimental data on the synergies among GRs and PVs, on the appropriate location and separation height of the PV
system on the GR (Baumann et al., 2019; Osma-Pinto and Ordonez-Plata, 2019), and on the most suitable plant types for reducing, for
example, the surface temperature of photovoltaic panels. Moreover, a key challenge to the widespread adoption of PVs and GRs
systems lies in the lack of mature industrial design solutions and long-term maintenance frameworks, coupled with limited awareness
among practitioners and stakeholders of their sustained performance and efficiency benefits (Fouad et al., 2017). The main technical
difficulties include limited awareness of their benefits, especially in developing countries, high initial system costs, the lack of sup-
portive laws and regulations, and geographical and architectural constraints such as insufficient rooftop space and limited solar
exposure in dense urban contexts (Karakaya and Sriwannawit, 2015; Liberalesso et al., 2020; Olowu et al., 2018; Zhang et al., 2012).

Ensuring that GI and renewable energy solutions do not generate socio-environmental expropriation, displacement, or the rein-
forcement of elite-driven interests, requires a justice-oriented approach to their design and implementation (Mohtat and Khirfan,
2021). Scholars have progressively highlighted how GI and nature-based solutions may drive rising property values and rents,
contributing to processes of gentrification, intensifying the exposure and vulnerability of marginalized groups, and ultimately leading
to the displacement of socio-economically disadvantaged populations (Anguelovski et al., 2019; Brown et al., 2012; Juhola, 2016).
These risks make clear that the success of GRs and PVs cannot be assessed solely in technical or environmental terms. Rather, their
planning and deployment must be grounded in a careful evaluation of where and for whom such interventions are implemented,
ensuring benefits for both ecosystems and citizens' well-being, while contributing to just and equitable urban planning. In this sense, as
emphasized by Anguelovski et al. (2024), climate hazard planning should explicitly prioritize the needs and protection of people,
particularly those most vulnerable.

Previous studies have focused mainly on the technical and economic feasibility aspects of GRs and PVs. They mainly used mul-
ticriteria analyses (hereafter MCDA as the acronym for Multicriteria Decision Analysis) coupled with Geographic Information Systems
(GIS) to map suitable rooftops based on factors such as roof area and slope, load-bearing capacity, shading effect, or exposure to
sunlight (Favretto, 2018; Clark et al., 2008; Greene et al., 2011; Palmer et al., 2018).

These studies have greatly advanced the ability to quantify the potential of rooftops in urban planning. However, much of the
literature treats these technologies deployment as a purely physical optimization exercise, giving little attention to where planning
would most benefit both citizens and their surroundings. As a result, relatively little attention is being paid to integrating climate
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Fig. 1. Spatial context of the study area, including the municipality boundary and the forty Urban Units (UUs), which are used for sub-municipal
management and statistical purposes.
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justice and equity criteria into GI planning. Caniglia et al. (2017) agree that there are multiple ways to achieve urban resilience, but not
all promote social and environmental justice. Therefore, GI performance regarding urban resilience is a complex issue that requires
more thorough quantitative research encompassing not only physical suitability, but also socio-economic and environmental aspects.

Based on these premises, this research develops a GIS-MCDA framework to evaluate rooftop suitability for GI retrofitting and
renewable energy integration, aiming to support more just and equitable urban planning. It focuses on identifying how different
rooftop strategies (GRs, RG, and PVs), can jointly contribute to environmental performance and social resilience.

The specific objectives are: (i) to assess the physical and spatial suitability of rooftops for different GI and PVs options; (ii) to
analyze their potential synergies and competition in terms of space and function (Slootweg et al., 2023); and (iii) to construct a
composite socio-economic and environmental vulnerability index to locate Urban Units (UUs) where interventions can deliver the
highest co-benefits. The framework is applied to the municipality of Padua, Italy, a medium-sized European city (Busato et al., 2014;
Codato et al., 2024; Pristeri et al., 2021).

2. Materials and methods
2.1. Study area

The study area encompasses the city of Padua (45.4167° N, 11.8667° E) in Italy's Veneto region. The municipality is situated on a
93.3 km? alluvial plain, has approximately 210,000 inhabitants (Comune di Padova, 2024), and functions as a major cultural, eco-
nomic, and academic hub in northeastern Italy. Fig. 1 shows the location of the Padua municipality in Italy, its historical center and the
forty Urban Units (UUs, for UUs names see Supplementary Material 4.1), which are used for sub-municipal management and statistical
purposes.

Padua's climate and environmental challenges are compounded by climate change and by the rapid urban expansion that followed
World War II (Peroni et al., 2023). The city exhibits a pronounced UHI effect, with air temperatures in the densely built core reaching
up to 7 °C higher than surrounding rural areas, resulting from extensive soil sealing and high building density (Todeschi et al., 2022).
During summer 2022, persistent heatwaves saw daytime maxima consistently exceed 35 °C, exacerbating heat-related health risks for
vulnerable populations, particularly the elderly and socio-economically disadvantaged groups (Pappalardo et al., 2023).

Soil sealing statistics vary slightly depending on the scale of analysis and methodology. The Italian Institute for Environmental
Protection and Research (ISPRA) monitoring of sealed soil across Italy shows a consolidated percentage above 47% after 2006,
gradually increasing to about 49% in 2023, with Padua ranking fifth among Italian municipality in terms of soil sealing (ISPRA, 2024).
Pristeri et al. (2021), in their investigation of Padua's green spaces (including agricultural areas) based on high-resolution 2015 im-
agery and other relevant data, report that approximately 56% of Padua's territory is green, meaning that around 44% is not. Moreover,
80% of the green areas are privately owned, which limits public access and contributes to the inequitable distribution of ecosystem
services. This extensive impervious cover has amplified surface runoff, diminished groundwater recharge, and elevated flood risk.
Consequently, frequent flood events exceed drainage capacity, damaging public facilities and private properties (Bortolini and Brasola,
2022). The retreat of traditional agriculture, driven by urban expansion and pollution, has further reduced biodiversity and eroded
local ecological knowledge, diminishing the landscape's resilience (Souviney et al., 2024; Peroni et al., 2023). This ownership disparity
further exacerbates socio-spatial inequalities, as vulnerable neighborhoods experience reduced accessibility to public green areas.

Table 1
Summary of datasets utilized in this study.
Dataset Description Source Format Reference
Year
Orthophoto High-resolution aerial imagery used for Veneto Region Geoportal Raster (20 cm/pixel) 2021

photointerpretation and validation
Digital Surface Model (DSM) and

Digital Terrain Model (DTM)
Land Surface Temperature (LST)

Derived from LiDAR-based surveys Municipality of Padua Raster (50 cm/pixel) 2023

Derived from Landsat 8-9 OLI/TIRS C2 L2.
Data from the topographic database including

USGS Earth explorer Raster (30 m/pixel) 2023

Buildings footprint building geometries and usage Municipality of Padua Vector (polygon) 2023
OpenStreeFMap (OSM) buildings Data from the OSM project OpenStreetMap Vector (polygon) 2025
footprint
Impervious Surfaces Data from the t.opogra.phlc database including Municipality of Padova Vector (polygon) 2023
on the ground impervious surfaces
Municipality of P:
Socio-Demographic Data Statistical data at the level of Urban Units (UUs) unicipality of Padua ( Spreadsheet 2024

Number of taxpayers and their income per ZIP

Comune di Padova, 2024)
Ministry of Economy and

Spreadsheet and

Economic data . 2024

code Finance vector (polygon)
. 40 urban units, sub-municipal divisions used for L

Urban Units (UUs) of Padua L. . L Municipality of Padua Vector (polygon) 2023

administrative and statistical purposes
Derived fi Pristeri et al.

Green Spaces (Private) Private green spaces within the study area ( Zeggﬁ rom Fristert et a Vector (polygon) 2021
G d by Municipality of

Public parkings reen spaces managed by Municipality o Municipality of Padua Vector (polygon) 2023

Padua
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Strategic deployment of available rooftop space and GI can address these interconnected environmental challenges by mitigating
UHI effects, managing stormwater, and supporting biodiversity by expanding accessible green spaces among other ecosystem services.
This approach directly operationalizes Padua's policy frameworks, notably the Boeri masterplan's afforestation targets and the
Municipal Green Plan, advancing SDG 11's mandate for inclusive, resilient urban development (Comune di, 2019; Comune di Padova,
2024).

2.2. Input dataset

This study was based entirely on publicly accessible datasets and open-source software. Spatial and statistical analyses were
performed in Google Earth Engine (GEE) (accessed August 2025) and QGIS software (version 3.40.7). All spatial layers were converted
to the Monte Mario / Italy Zone 1 (EPSG:3003) coordinate system. A list of the datasets is provided in Table 1 and their utilization
explained in methodology.

2.3. Methodology

This research employs a two-step spatial analysis framework, widely adopted in recent literature, to (a) identify suitable rooftops
and (b) prioritize these rooftops based on socio-economic and environmental vulnerability criteria (Grunwald et al., 2017; Palmer
et al., 2018). Specifically, we developed a GIS-MCDA based framework, the Rooftops for Equity and Sustainability (RT4ES) model, to
identify rooftops suitable for GRs and PVs applications and to prioritize those suitable rooftops within UUs that require targeted
greening, and solar energy investments, thereby enhancing urban climate resilience through social and environmental equity planning
in Padua. In Fig. 2, a summary of the overall workflow described in the following sections is presented, while the complete research
and methodological framework is provided as a graphical abstract in Supplementary Material 5.

2.3.1. Rooftops suitability analysis

For the first part of the RT4ES model, the identification of potentially suitable rooftops involved several preprocessing steps. First,
we computed a normalized Digital Surface Model (nDSM) by subtracting the Digital Terrain Model (DTM), representing the bare-earth
surface, from the Digital Surface Model (DSM), which captures the elevation of all visible objects, including buildings and vegetation.
This subtraction isolates above-ground structures (Beumier and Idrissa, 2014; Khoshelham et al., 2010). A5 x 5 pixel window median
filter was then applied to the nDSM to suppress LiDAR noise and artifacts, such as rooftop chimneys, staircase landings and other
perturbing rooftop objects such as overhanging trees, while preserving roof edges. From this dataset, a slope raster (in degrees) was
generated. To retain only true building heights, zero-height nDSM pixels were converted to No Data, thereby preventing flat ground
and non-roof surfaces from influencing slope calculations. Next, the cleaned slope raster was masked using vector building footprints,
ensuring that only rooftop pixels remained for suitability analysis. Finally, slope pixels were reclassified into four categories using the
‘Reclassify by Table’ algorithm (see Table 2), with class 4 masked as it corresponds to building edges.

Before quantitative filtering, we overlaid the classified slope raster atop the high-resolution orthophoto to visually inspect and
qualitatively validate the result.
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Fig. 2. Schematic overview of the RT4ES methodological framework, showing the sequential stages from multi-source data input and GIS pre-
processing through intermediate outputs, geo-processing analyses, and final multicriteria decision analysis for rooftop suitability and priority
analysis. Acronyms: DSM (Digital Surface Model), DTM (Digital Terrain Model), nDSM (normalized Digital Surface Model), LST (Land Surface
Temperature), UUs (Urban Units), EVI (Environmental Vulnerability Index), SEVI (Socio-economic Vulnerability Index), GIS-MCDA (Geographic
Information System-Multi-Criteria Decision Analysis).
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Table 2

Slope classes with slope range and relevant assigned roof types.
Class Slope range Roof type
1 0-10° Flat
2 10-30° Low slope
3 30-60° Steep
4 60-90° Edge

For each slope class, we applied the ‘Zonal Statistics’ tool to compute per-building metrics, including minimum, maximum, median,
sum, and raster cell count statistics. To enable intervention-specific assignment, the dominant slope class of each roof was then
propagated into a dedicated attribute field (‘Roof Class’). This is accomplished with the QGIS expression in the building layer's
‘Attribute Table’, evaluating the class count, and populating a new column, so that each rooftop can be directly managed and mapped
for further suitability analysis. To complete the rooftop-suitability database, we first computed the planimetric area of each classified
rooftop polygon, followed by applying minimum-area filters corresponding to intervention type:

e GRs & PVs: greater than 100 m2, with no existing formal standard, we adopt a 100 m? minimum, consistent with common literature
thresholds, economically viable for PVs, and comparable to typical GRs deployments (Lambarki et al., 2022; Mutani and Todeschi,
2020; Rafida, 2004; Santos et al., 2016);

e RG: greater than 30 m?, in line with Padua municipality for community gardens, 30 m? as a practical minimum area for community
allotment plots in urban contexts (Comune di, 2019).

Roof aspects were analyzed according to the cardinal points (0°-360°) using the aspect tool in QGIS environment, and north-facing
facets (between 315° and 45°) were identified as those receiving least annual insolation compared to other three directions. For PVs
suitability on sloped roofs (10-45°), we excluded north-facing facets in the final available suitable area (see Supplementary Material
4.3). Moreover, to support intervention-specific rooftop assignments, rooftop geometries were classified into residential and non-
residential categories using building-use attributes primarily derived from the municipal topographic database, complemented,
where necessary and when available, with data extracted from OpenStreetMap (OSM) database (www.openstreetmap.org). The
process included merging building characteristics from OSM into the topographic database (from the Padua Municipality), completing
and updating missing buildings categories in the Padua Municipality building footprint database, and filtering out geometries that did
not meet the criteria for the final suitability analysis database (e.g., minimum area and building use). This categorization enabled us to:

a) Restrict IGR and RG deployment to potentially structurally robust, non-residential or institutional buildings with adequate deck
load capacity;

b) Tailor PVs deployment on low-slope roofs, mounted roof (no tilt racking), and on large industrial rooftops where structural capacity
and layout efficiency enable high-capacity arrays; by contrast, flat roofs (less than 10°) generally require sloped racking;

c) Assign EGR to mainly residential structures with lower dead-load tolerances, leveraging their lightweight substrate systems, the
number of EGRs on non-residential roofs is negligible.

In Table 3, the rooftop suitability criteria are presented, defining maximum slope, minimum contiguous area, and eligible building-
use for four types of interventions: IGR, EGR, RG, and PVs, thereby establishing the main criteria for suitability analysis.

After careful visual investigation, shading criteria were not included due to data limitation and because Padua's predominantly low-
rise urban fabric results in minimal inter-roof shading. High-resolution orthophotos further confirmed relatively homogenous roof-
scape with negligible shadowing effect. Finally, load-bearing capacity was not modeled due to data limitations and the prospective
nature of our analysis; structural assessments must be conducted on a case-by-case basis prior to installation (Slootweg et al., 2023).

These criteria in Table 3 guided the identification of rooftops that potentially accommodate either IGR, EGR, RG, or PVs alone or
two or more systems together. Based on the resulting suitability layers, spatial overlays were performed to detect UUs where multiple
systems could coexist (synergy) or compete for the same rooftop surface (competition). This procedure enabled the quantification of
multifunctional opportunities and spatial constraints within the existing urban fabric.

2.3.2. Prioritization of suitable rooftops

The results from the first phase of the study can stand alone, identifying rooftops suitable for urban greening and solar energy
production in a European mid-sized city. For equitable, climate justice-oriented urban planning, implementation should prioritize
roofs that maximize social and environmental co-benefits, serving communities facing existing environmental deficits. To move from
only suitability analysis of greenery and solar energy production, in this step, we analyze the equitable prioritization of suitable
rooftops as well.

Identifying optimal locations for GI interventions requires the simultaneous evaluation of multiple, often competing, spatial and
non-spatial variables. To address this complexity, the present study integrates a GIS-MCDA, a methodological pairing widely recog-
nized for its effectiveness in spatial decision-making (Chen et al., 2010; Malczewski, 2006). GIS-based MCDA enables the systematic
integration of diverse criteria, physical, environmental, and socio-economic, into a composite suitability index, allowing for trans-
parent and replicable prioritization of spatial units. Its strength lies in accommodating conflicting objectives and assigning relative



Table 3

Rooftop intervention thresholds: maximum permissible slope, minimum contiguous area, and building-use eligibility for each intervention type.

Intervention

Maximum Slope

Minimum Area

Building Use

Intensive Green
Roof (IGR)

Extensive Green
Roof (EGR)

Urban Rooftop
Garden (RG)

Solar Photovoltaics
(PVs)

< 10° - engineered systems require near-flat surfaces to prevent substrate
slippage and ensure even moisture retention (Kim et al., 2021; Mentens
et al., 2006; Rafida, 2004).

10-30° - retains water effectively up to moderate pitches (Mentens et al.,
2006; (Rafida, 2004).

< 10° - flat roofs chosen to support larger, cost-effective rooftop gardens (
Mentens et al., 2006; Xie et al., 2024).

Optimal: < 10 and 10-45° - aligns with local latitude for peak irradiance.
Exclusion of north-facing facets on sloped roofs. (Jacobson and Jadhav,
2018).

> 100 m? - although no strict scientific minimum exists, adopted for
consistency with common engineering and municipal practice (Lambarki
et al., 2025; Rafida, 2004).

> 100 m? — although no strict scientific minimum exists, adopted for
consistency with common engineering and municipal practice (Rafida,
2004).

> 30 m? - practical minimum for community-scale gardening (Comune di,
2019).

>100 m® - aligned with green-roof convention to enable cost-effective PV
array layouts.

Non-residential only — often for higher
dead-load capacity (Wu et al., 2025).

Residential and non-residential — lighter
loads capacity.

We considered all building types: flexible
urban agriculture use.

All building types — broad PV applicability,
for flat roofs, only non-residential
buildings.
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importance to each criterion, thereby supporting balanced decision-making under uncertainty (Jankowski, 1995). This approach has
been extensively applied in land use planning and environmental management to identify suitable sites for greening and PVs
implementations, optimizing its ecosystem service delivery, and tailor interventions to the specific characteristics and constraints of
each location (Bousquet et al., 2023; Meerow and Newell, 2017; Pochodyta-Ducka et al., 2025). As a result, in the second part of the
RT4ES model, suitable rooftops are prioritized at the UU scale by integrating socio-economic and environmental vulnerability
indicators.

The rooftop suitability proportion was calculated as the ratio of suitable rooftop area to the total rooftop area within each UU and
subsequently normalized using the min-max method (see Supplementary Material 1). Next, a composite Socio-economic Vulnerability
Index (SEVI) was developed by first calculating either the density or proportion of each selected indicator at the UU level, followed by
normalization using the min-max method to the scale of (0-1) (see Supplementary Material 2). The normalized indicators were then
aggregated, assuming equal weighting, into a single composite index representing socio-economic vulnerability across the study area.
As detailed in Table 4, six socio-economic indicators were selected to measure vulnerability at the UU scale: low income, migration
background, elderly residents, minors, household size, and elderly living alone. The rationale for each socio-economic criterion is also
summarized in the same table. Full details on the calculation of socio-economic density and proportions are provided in Supplementary
Material 2.

Similarly, an Environmental Vulnerability Index (EVI) was developed by aggregating normalized environmental indicators, each
rescaled to a (0-1) range to ensure comparability. For analyzing EVI, four criteria according to Table 5 were considered: private green
space, public parking, land surface temperature (LST) and impervious surface per UU. Complete description on the LST calculation
formula, the list of satellite images used for LST calculation, the GEE code, the LST mean and 90th percentile maps, and the private
green and public parking coverage maps are provided in Supplementary Material 3. Table 5 provides the full description and rationale
for each EVI criterion.

2.3.3. GIS-MCDA

Following normalization and aggregating the indicators in 2.3 Methodology, the integration of multiple criteria was accomplished
via a Weighted Linear Combination (WLC) technique (see Supplementary Material 1), that was selected for its transparency and ease of
implementation and executed within the QGIS environment (Bousquet et al., 2023). In this procedure, each standardized vector layer,
representing physical suitability (suitable rooftops), SEVI and EVI indexes, was multiplied by its respective literature-informed and
expert discussion weight and subsequently summed to yield the RT4ES priority score for each rooftop intervention. We adopted a
weighting of 0.25 for physical suitability, 0.35 for environmental vulnerability, and 0.40 for socio-economic vulnerability. This bal-
ance ensures that rooftop suitability, urban-environment stress, and social equity are each given appropriate emphasis in our final
RTA4ES prioritization framework (Apud et al., 2020; Bakolo et al., 2024; Croeser et al., 2021; Megyesi et al., 2024).

Finally, family density was analyzed as an additional spatial indicator to further contextualize the priority results. It was calculated
as the total number of families within each UU divided by its area (families/km?), representing the spatial concentration of residential
households (family density map is provided in Supplementary Material 4.7). Although the SEVI already incorporated several de-
mographics and socio-economic variables, family density was examined to capture population exposure rather than vulnerability. The
resulting layer was classified using the quantile method, and only the first and fifth quantiles, representing the lowest and highest
family densities, were visualized to support the subsequent spatial comparison with the priority mapping outcomes.

Table 4
Socio-economic indicators used to construct the composite Social Vulnerability Index (SEVI) at the urban unit scale, their purpose in vulnerability
assessment and relative source.

Indicator Reason for Vulnerability Assessment Description References

Captures extreme economic deprivation, which diminishes capacity to  Share of total
prepare for and recover from environmental stressors (e.g., lack of taxpayers in each
assets for home improvements, limited insurance coverage). Uuu

Indicates potential overcrowding and high dependency ratios,
elevating risk during heat waves, pandemics, and resource shortages (e.
g., more vulnerable individuals per dwelling).

Taxpayers with annual
income < €10,000

(Cutter et al., 2003; Schmidtlein
et al., 2008)

(Cutter et al., 2003; Frigerio and
De Amicis, 2016; Schmidtlein
et al., 2008)

Households of > 5
members

Share of the total in
each UU

Household with

children under 2 Share of the total in

Young children are repeatedly identified as heat-susceptible in (Khodadad et al., 2025)

years old

Households with > 1
member aged > 60
years

Residents with
migration
background

65 years old living alone
(social isolation)

vulnerability studies.

Reflects age-related vulnerability, as older adults are
disproportionately susceptible to heat stress, isolation, and mobility
constraints during emergencies.

Captures language, cultural, and institutional barriers to accessing
information and services, increasing risk of exclusion from
preparedness and recovery efforts.

Social isolation further elevates risk, multiple epidemiologic studies
ties living alone to higher heat-related mortality.

each UU

Share of the total in
each UU

Share of the total in
each UU

Share of the total in
each UU

(Frigerio and De Amicis, 2016;
Oudin Astrom et al., 2011)

(Messeri et al., 2019)

(Pappalardo et al., 2023)
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Table 5

Environmental Vulnerability Index (EVI) description and method.

Urban Climate 66 (2026) 102840

Indicator

Description

Reason for Vulnerability Assessment

References

Private Green
space

Percent of private green space area in each
UU. Vector data from (Pristeri et al., 2021)
were updated by subtracting 2023 building
footprint.

UUs with less presence of private green spaces are more
vulnerable to heat stress and reduced cooling. The
absence of localized shading and evapotranspiration
further intensifies UHI effects and heightens associated

(Egerer et al., 2024; Godoi
et al., 2025; Pristeri et al.,
2021)

health risks.
Land Surface
Temperature
(LST)

Mean land surface temperature for the
summer of 2023 at the UU level, processing in
GEE Landsat 2 level 2 band 10.

(Dimitriou et al., 2025;
Pappalardo et al., 2023;
Krenz and Amann, 2025)

Higher LST directly correlates with UHI intensity,
increasing heat-related mortality and morbidity,
particularly in low-income neighborhoods with limited
adaptive capacity.

UUs with few public parks limits access to cool,
restorative green spaces, exacerbating heat stress and
reducing adaptive capacity, especially for lower socio-
economic residents who rely on public rather than private
greenery.

Total public parking surface in m? to total
families within each UU.

Public Parking (Codato et al., 2024; Lin
and Li, 2025; Zhang et al.,

2024)

Impervious Percent of land covered by impervious Impervious surfaces amplify heat absorption and runoff, (Liu et al., 2020; Ma et al.,
Surface surfaces in each UU. heightening flood and UHI risks, and exacerbating 2024b; Shi et al., 2023)
environmental inequities in urban areas with
socioeconomic disparities.
3. Results

3.1. Potential suitable rooftops

Across the study area, the model identifies 11.67 km? of net suitable rooftops across 29,493 buildings. Overall, rooftop suitability
comprises overlapping suitability sets rather than discrete classes. Reporting each intervention according to its defined criteria, the
citywide totals are: EGR (7.25 km? across 24,372 roofs), RG (3.69 km? across 5394 roofs), IGR (2.71 km? across 1194 roofs), and PVs
(11.93 km? across 30,372 roofs).

Because suitability is not mutually exclusive: (i) flat roofs larger than 100 m? where PVs, IGR, and RG all qualify, and (ii) low-slope
roofs where EGR and PVs both qualify, figures are reported independently and should not be aggregated. To resolve these overlaps in a
policy-relevant way, we also analyze synergy (feasible co-location) and competition (either/or choices). Spatial patterns are consistent
with expectations: EGR potential tracks the distribution of low-slope residential stock; IGR cluster on fewer, larger non-residential
buildings; RG extend coverage beyond flat roofs smaller than 100 m? to include smaller and residential flat roofs; and PVs span
flat, low-slope, and steep roofs, with north-facing facets excluded on sloped roofs. Table 6 reports the non-exclusive totals.

Fig. 3 maps rooftops classes based on roof's dominant slope class: flat roofs cluster in the east and north-east, largely within the non-
residential stock of the industrial zone; low-slope roofs, the bulk of suitable area, are pervasive in the historical city center and adjacent
UUs to the north, south, and west but are comparatively scarce in the east unlike flat roofs; sloped roofs are least prevalent and appear
as scattered pockets across the study area on both residential and non-residential buildings.

Fig. 4 presents UU level potential suitability for four rooftop interventions (IGR, EGR, RG, and PVs), expressed in the percentage of
suitable rooftop area to the total rooftop area. For better understanding, representative building-level overlays of suitable rooftop
polygons on the study-area orthophoto are provided in the Supplementary Material 4.8.

Across UUs, the potential suitability for IGR, EGR, RG, and PVs exhibit notable spatial variation. High potential suitability for IGR
and RG is concentrated in the eastern and north-eastern industrial districts, where large, flat non-residential roofs are common. By
contrast, suitability is lowest in the historic core and adjacent western UUs, in particular southern and western ones. EGR exhibits high
potential suitability in the historic center, scattered pockets in southern areas, and parts of the west zone, with the lowest potential

Table 6
Overall rooftop potential suitability by intervention (non-exclusive). Categories are not mutually exclusive; due to overlapping suitability, figures are
reported independently and should not be summed. Photovoltaic totals exclude north-facing sloped roofs.

Intervention Slope / Minimum Area Building use Exclusion of north- Area Roof
facing facets (km?) count
Intensive Green 5 . .
-10°), > - .
Roofs (IGR) Flat (0-10°), >100 m’ Non-residential No 2.71 1194
Urban Rooftop 5 Residential & non-
-10°), > B
Gardens (RG) Flat (0-10%), 230 m residential No 3.69 5394
Extensive Green 9 Residential & non-
—. © > «
Roofs (EGR) Low slope (10-30°), >100 m residential No 7.25 24,372
Flat (Non-residential), Low slope (Residential & non- As specified per Excluded on sloped
Photovoltaics (PVs) residential); Steep (Residential & non-residential) (30-45°), P P P 11.93 30,372

slope/use roofs

>100 m?
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Slope Classes:
] Flat
Low Slope
Moderate Slope
[ 1 Padua UUs

Base Map: OSM

Fig. 3. Spatial distribution of roof types classified by roof's dominant slope class.

occurring in the eastern part of the city. PVs show similarly strong potential in the historic center and adjacent UUs in the north, as well
as in southern UUs.

3.1.1. Spatial distribution of green roofs and solar panel competition and synergies

The RT4ES model also explored the geographical potential of rooftop space for supplying surplus greening and producing
renewable energy by evaluating synergies and competition among the rooftop systems.

Low-slope roofs are suitable for both EGR and PVs as Fig. 4 shows, suitability reaches up to 90%, for EGR, that is also true for PVs,
but they cannot be combined (Slootweg et al., 2023). Thus, the RT4ES model shows the overlap ranged between 16% and 90%. Some
UUs show an overlap between 74% and 90%, requiring detailed attention to understand what should be prioritized to have the most
optimal outcome for mitigating climate stressors and considering climate justice in urbanized areas. Fig. 5 maps the spatial distribution
of this overlap.

RG, IGR, and PVs are suitable on flat roofs (up to 10°), with IGR on non-residential buildings, and RG and PVs on both residential
and non-residential buildings. On flat, non-residential roofs larger than 100 m?, these systems can be co-implemented; planners may
select IGR or RG in combination with PVs according to local objectives and constraints. Fig. 6 maps the geographic potential for this
synergy, simultaneously increasing greenery/food production and solar energy generation. As expected, synergy potential is highest in
UUs where the underlying suitability of all three systems is greatest, notably in the eastern and north-eastern industrial districts with
extensive flat-roof stock. In these areas, the synergy share reaches up to 80%.

The influence of building typology on rooftop potential trade-off and synergy is highlighted in Fig. 7, which provides a snapshot
demonstrating how residential buildings are subject to spatial trade-offs, while non-residential buildings offer synergistic opportunity.

Padua's rooftop greening potential is substantial relative to existing ground-level green space. Combining (synergy and suitability)
EGRs on low-slope roofs with RG on flat roofs, excluding IGR to avoid double counting on flat roofs as both IGR and RG share flat roofs
and area larger than 100 m?, yields 10.94 km? of additional vegetated surfaces. This corresponds to 20.95% of the inventoried green-
space stock (52.23 km?) and 11.78% of municipal land area (92.85 km?). Using Pristeri et al. (2021) as baseline (56% vegetated cover),
full uptake would raise citywide vegetated cover to around 67.8% (62.94 km?).

Concerning rooftop PVs potential, average annual household electricity use in Italy was 2700 kWh yr~! in 2023 (ARERA, 2023).
For a simple order-of-magnitude estimate (Bandari et al., 2020), we assume a typical crystalline-silicon module rated at 350 Wp with
an area of 1.6 m? (0.219 kWp m~2). Applied to the 9.10 km? of PVs suitable rooftops (combining synergy and overall suitability,
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Legend:
Bl o0%-2%
2%-4%
Ma4%-6%
6% -22%

I 22 % - 80 %

Legend:

84 % -89 %
89%-91%
N 91%-93%
B 93%-95%
B 95%-99%

[]
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Legend:
[b] 16%-54%

54 % -67 %
B 67 % - 69 %
W69 %-74%
Bl 74%-90%

Legend:
[d] ©6%-8%
8%-13%

PN 13%-16%

Ml 16%-29%

I 29 % - 80 %

Fig. 4. Suitability potential per UU: proportion of each UU's total rooftop area classified as suitable for (a) IGR, (b) EGR, (c) PVs, and (d) RG. Values
are expressed as percentages of suitable rooftop area for the respective system relative to the total rooftop area in the same UU. Data are classified by

quantiles for visualization; the same method is applied in all subsequent figures.

Fig. 5. The competition between EGR and PVs per UUs where these systems compete for space. Either EGR or PVs can be considered. Values are
expressed as percentages of suitable rooftop area with respect to the total rooftop area in the same UU.
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nd:
0%-2%
2%-4%
A 4%-6%
B 6% -22%
(] 1 2km N 22%-80%

Fig. 6. The potential synergy of the IGR and RG and PVs per urban unit, expressed as percentages of suitable rooftop area with respect to the total
rooftop area in the same UU.

Roof categories:

00 200 : ¥, - Flat
\ Mai o \ e ) Base map: Orthophoto from the Veneto | — LOW Slope
b) Mainly non residential buildings pmpi - ZS e gion Geoportal [] Moderate Slope

Fig. 7. Two examples of urban areas with different building uses: (a) Compact residential buildings with mainly low-slope roofs, where EGR and
PVs show competing uses because of slope and building uses. (b) Non-residential buildings with large flat roofs that enable co-deployment (PVs +
GR/RG). Rooftop slope categories based on roof's dominant slope class are shown to aid interpretation; together with building use, they define
synergies and competition.

excluding north-facing roofs), this yields around 0.837 TWh yr~!, or about 302% of municipal household electricity consumption

(0.251 TWh in 2021) (Comune di Padova, 2024). Thus, the suitable rooftop surface is more than sufficient to meet current residential
electricity demand in Padua.

12
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3.2. Prioritization of potential suitable rooftops

3.2.1. Citywide pattern

Fig. 8 maps RT4ES priority rankings for deploying rooftop greening and solar energy production on suitable rooftops. High and
very-high priorities cluster in the central, eastern, and north-eastern sectors, where dense stocks of suitable rooftops coincide with
elevated social and environmental vulnerability scores. Intermediate priorities occur in a discontinuous inner-middle ring around the
high and very high clusters and reflect moderate suitability and vulnerability. Low to very low priorities are predominantly peripheral,
where socio-economic vulnerabilities are lower and agricultural/green land cover is more prevalent, improving environmental con-
ditions, though with limited stock of suitable rooftops. These patterns support the validity of priority analysis, indicating that the
RT4ES model reliably targets UUs with higher socio-economic and environmental stress.

Our analysis shows that the SEVI is spatially heterogeneous, with higher values concentrated in the northern UUs, and additional
pockets around the historic center UUs, and parts of the east, south and west. These UUs coincide with higher shares of residents with a
migration background, lower household incomes, larger households, minors, and higher proportions of older adults, including those
living alone. By contrast, EVI exhibits a partly distinct pattern: deficits are highest in the north and northeast UUs, city center and UUs
out of it, while peripheral areas generally exhibit lower EVI due to greater agricultural/pervious land and higher green coverage. A
comparative map of SEVI and EVI is available in Supplementary Material 4.5.

When overlaid with family density, the results reveal that several UUs in the eastern and northeastern parts of the city with the
highest intervention priority correspond to areas with relatively low concentrations of families. Conversely, UUs located in the urban
core and northern sectors, which exhibit moderate priority levels, tend to have higher family densities (Fig. 8).

3.2.2. Intervention-specific findings
The spatial distribution of rooftop-intervention priorities shows consistent clustering of high and very high values in the eastern,

legend:

0,29 - 0,34 - Very Low
0,34 - 0,37 - Low

B 0,37 - 0,40 - Moderate

B 0,40 - 0,43 - High

I 0,43 - 0,58 - Very High

Legend: RS 6]
[a] 0-020-VeryLow °

° 0,20-0,22 - Low

I 0,22 - 0,27 - Moderate
Il 0.27 - 0,32 - High

B 0.32 - 0,55 - Very High

0 1 2km
| I 1 |
“Y
o Family Density:
® Lowest
© Highest
L]
Legend: Legend:
0,37 - 0,41 - Very Low @ 0,17 - 0,22 - Very Low
. 0,41-0,44 - Low ° 0,22 - 0,25 - Low

[ 0,44 - 0,47 - Moderate B 0,25 - 0,29 - Moderate
B 0.47 - 0,50 - High . I 0,29 - 0,36 - High
[l 0,50 - 0,60 - Very High 1l 0.36 - 0,56 - Very High

Fig. 8. Spatial distribution of priority ranking per UU for (a) IGR, (b) EGR, (c) PVs, and (d) RG. Each panel uses five quantiles per intervention (Very

Low - Very High). Colors are not numerically identical across panels. Family density, represented by the first and fifth quantiles (lowest in grey;
highest in orange), is overlaid to contextualize population exposure within the priority results.
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north-eastern, and selected inner-city sectors, whereas peripheral units predominantly exhibit low or very low values. Differences
across interventions reflect variation in structural requirements, feasibility constraints, and alignment with socio-economic and
environmental demands (SEVI/EVI).

Intensive green roofs (IGR). Highest priorities cluster in the east and north-east UUs, where large non-residential and industrial
roofs with adequate load-bearing capacity coincide with elevated SEVI/EVI. Adjacent UUs generally display intermediate priority,
indicating candidate areas with moderate levels of roof suitability and SEVI/EVI vulnerability scores. Low to very low priorities
dominate the southern, western, and outer northern sectors, consistent with limited structural suitability and lower composite socio-
economic and environmental vulnerability scores.

Extensive green roofs (EGR). High and very high priorities are more broadly distributed, including the northern sector and the
historic core. This pattern reflects EGR's lighter substrate and structural demands, which expand feasibility across a larger share of the
residential stock. Intermediate priorities extend through central-western and eastern UUs, while low and very low values prevail in the
outer periphery, where suitable roofs are sparse and SEVI/EVI values are lower.

Photovoltaic systems (PVs). PV priorities largely mirror the IGR distribution, with an expanded high-priority presence in the
northern and historic center areas. This indicates that many roofs in these zones meet additional slope and building-use criteria,
underscoring the complementarity between ecological and solar energy-producing rooftop strategies.

Rooftop gardens (RG). RG priorities generally follow IGR and PVs on flat roofs due to shared physical suitability filters. The
minimum area threshold (greater than 30 m?) enlarges the candidate roof set, elevating priority in some UUs; when this overlaps with
higher SEVI/EVI, RG priority increases. However, RG feasibility also depends on access, irrigation, and amenity provisions not fully
captured by spatial indicators, so results should be interpreted as indicative.

3.2.3. Synergy and competition

Fig. 9a illustrates RT4ES model synergistic opportunities for PVs, RG and IGR, revealing overall priority patterns to their suitability
driven by rooftops suitability criteria as well as SEVI and EVI scores.

Eastern and north-eastern UUs, along with some pockets in the northwest are prioritized as high and very high areas. Moderate
priority emerges in UUs outside the historic center, most consistently in northern areas, where balanced suitability and vulnerability
suggest opportunities for co-implementation with site-specific enhancements. Low and very low priority occur mainly in urban core
and peripheral UUs. City center has lower socio-economic and environmental vulnerability scores despite highly suitable rooftops.
Peripheral UUs have smaller shares of suitable roof area and lower socio-economic and environmental vulnerability scores, with

legend:
0-0,20 - Very Low
0,20-0,22 - Low
0,22 - 0,27 - Moderate
0,27 - 0,32 - High
0,32 - 0,55- Very High

®
L Legend:
A ds p [b] 0,29% - 0,34 % - Very Low
LA 0,34 % - 0,37 % - Low
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Fig. 9. Urban-unit-level prioritization under synergy and competition scenarios. (a) PVs, IGR and RG (synergy); (b) PVs and EGR (competition).
Family density is represented by the first and fifth quantiles (lowest in grey; highest in orange).
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additional scattered pockets across the study area.

Fig. 9b maps scenarios where one intervention competes for space with the other at the UU level. High and very high priorities
cluster in the historic center, and north of the city, where high SEVI/EVI amplify the urgency for strategic rooftop intervention. In-
termediate priorities scattered across the study area, particularly outside the historic center, west, south and east peripheries. Lower
classes dominate northern peripheral UUs and some scattered pockets outside the city center and out of it in the southern part of the
study area, encompassing a large share of UUs. These areas generally integrate smaller suitable roof shares with diminished SEVI/EVI,
underscoring reduced intervention urgency but in the long term can be considered for urban planning.

4. Discussion

Urban areas face interconnected pressures, including climate change, rapid urbanization and persistent socio economic and
environmental inequities (Byrne, 2020; Kohlhase, 2013). Addressing these challenges requires spatially explicit, evidence-based
strategies that target limited resources where they yield the greatest socio-economic and environmental values (Peroni and Pappa-
lardo, 2024). This study is the first to advance rooftop retrofit analysis by simultaneously quantifying the potential of multiple GI
options (IGR, EGR, and RG) and PVs. By moving beyond previous approaches that typically assessed only physical suitability or
examined each option in isolation, our GIS-MCDA framework at the UU scale integrates rooftop characteristics with SEVI and EVI
indicators. This integration generates option-specific priority maps and equity-oriented rankings that highlight not only where in-
terventions are technically feasible, but also where they can deliver the greatest combined social and environmental value, providing
new insights into how cities can balance the deployment of GI and solar energy production, to support more equitable and sustainable
urban transitions.

4.1. Advanced rooftop decision-making

Relative to prior city-scale studies, our analysis advanced rooftop decision-making in several ways. First, extending Langemeyer
et al. (2020), who used spatial MCDA to prioritize GRs types by neighborhood ecosystem service demand, we evaluated multiple
rooftop options on a common footing, PVs, RG, and GRs, and mapped co-location (synergy) versus exclusive-choice (competition) at
the UU scale. Thus, we treated PVs—-GRs co-deployment as an implementable class, consistent with findings that show modest PVs
performance gains on vegetated roofs compared to conventional roofs (Van Der Roest et al., 2023) allowing also the creation of
photovoltaic-green roof energy communities (Cruz Torres et al., 2023). Next, in contrast to Brenner et al. (2023), who localized roof-
greening opportunities for UHI mitigation in Krefeld, Germany, while focusing on GRs alone, we provided a collective, multifunctional
GI strategy that identifies where PVs, RG, IGR, and EGR should be prioritized together or separately, allowing urban planners to
address UHI alongside other ecological benefits (e.g., runoff management, habitat provision, and air pollution abatement). Finally, as
aforementioned, we embedded an equity and climate justice lens by integrating SEVI and EVI indicators, which shifted top ranks
toward UUs with greater social-environmental risk, prioritizing the most disadvantaged groups, rather than simply toward areas with
abundant roof supply. These neighborhoods are usually very compact, and the availability of green spaces is quite low. Even if this
study did not quantify ecosystem service magnitudes or building-scale performance, it is demonstrated that the implementation of GRs
could re-introduce some ecosystem services lost during urbanization process and soil sealing phenomenon, such as regulating
ecosystem services (cooling, runoff reduction) (European Commission, 2021). These interventions, especially when strategically
located in several structures in a neighborhood, can benefit not only a single building and its residents, but extend their effects on the
surrounding citizen environment and communities (Netusil et al., 2022). It is worth mentioning also the role of RGs in enhancing
cultural and supporting ESs and urban agro-biodiversity, thanks to their effectiveness in local food production, recreation and social
cohesion (Specht et al., 2017). However, to move from potential suitability to implementation, particularly in high-cost projects, and
to avoid gentrification and the rise of property values and rents in low income neighborhoods, the realization of GI in private owned or
social housing structures should be supported by public incentives and permitting measures, such as tax abatement, bureaucratic
simplifications, and targeted bonuses for PVs/GRs in high demand SEVI/EVI UUs (Anguelovski et al., 2022; Liberalesso et al., 2020,
2024; Van Der Roest et al., 2023).

4.2. Synergies and competition between rooftop solutions and social needs

Low-slope rooftops, which are primarily associated with residential buildings, represent an important spatial competition, allowing
the implementation of either EGR or PVs. This pattern is crucial because the residential buildings across the study area host diverse
SEVI groups. Therefore, the competition between implementing an EGR (to provide ecosystem services) and PVs (to provide clean
energy) has significant, distinct effects on community well-being. As a result, understanding the interplay between the building ty-
pology suitable for intervention and the socioeconomic characteristics of the resident groups is paramount for effective policy-making
and green infrastructure planning. In Table 7 a summary of this trade-off is provided (Cascone, 2024; Chen et al., 2023; Chen et al.,
2024; Oberndorfer et al., 2007).

Synergistic (integrative) systems, occur when GR/RG and PVs are co-located on both residential and non-residential buildings,
creating mutual benefits. The primary synergy is the cooling effect of the GR/RG: evapotranspiration from the vegetation lowers the
ambient roof temperature, which mitigates the negative impact of high cell temperatures on PVs panel efficiency, thereby boosting
annual energy yield (Talwar et al., 2023). In return, the PV panels provide partial shade, reducing plant thermal stress and water loss
(Schindler et al., 2018). This integrative approach allows for the “stacking” of ecosystem services, combining on-site clean energy
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Table 7
Comparison of rooftop PVs and EGR in terms of benefits achieved, benefits lost, and social needs addressed.

System Benefit Achieved Benefit Lost Social Needs Addressed

Prioritized

PVs Direct, quantifiable energy savings and Diffuse, neighborhood-scale ecosystem Energy equity and poverty: addresses
generation of green energy that mitigate CO, services (e.g., reduced urban heat island household financial burden and local grid
emissions (Cruz Torres et al., 2023; effect, flood control, and biodiversity gain) ( reliability (International Energy Agency,
International Energy Agency, 2021; Zhang Cristiano et al., 2021; Mentens et al., 2006; 2021; Li et al., 2023; Tan et al., 2023).
et al., 2025; Zsiboracs et al., 2023). Mutani and Todeschi, 2020).

EGR Collective, neighborhood-scale climate Direct, measurable financial return from on- Climate vulnerability: addresses public health
resilience benefits (mitigating UHI, site energy production. risks from extreme heat, property damage
stormwater management, and habitat from flooding, and ecosystem services (
provision). Berardi et al., 2014; Coutts and Hahn, 2015;

Netusil et al., 2022).

generation with the GR's primary functions of UHI mitigation, stormwater runoff retention, habitat provision, and air pollution
abatement (De Cristo et al., 2025; DeNardo et al., 2005; Janhall, 2015; Lin and Li, 2025; Madre et al., 2014; Williams et al., 2019).

4.3. From rooftop suitability to equity-oriented urban climate action

The RT4ES model advances urban climate mitigation and adaptation efforts by integrating rooftop suitability assessments with
vulnerability-based prioritization, directing GI and PVs to Padua's most exposed UUs based on composite SEVI and EVI risk scores. The
framework directly supports Padua's Sustainable Energy and Climate Action Plan (PAESC), which commits the city to emissions re-
ductions by 2030 and climate neutrality by 2050 (Comune di Padova, 2024). For policymakers and urban planners, RT4ES serves as a
decision-support system that translates suitability and vulnerability layers into spatially explicit recommendations, enabling GI and
PVs deployment, guiding PAESC-aligned financing, and advancing climate justice and urban resilience. Our results provide urban
planners with a typology- and density led-siting strategy: (i) prioritize biosolar (GR/RG + PV) on large, flat and non-residential roofs
where they meet both energy demand and provide ecosystem services; (ii) prioritize GR/RG in compact, high-density residential
blocks, especially high SEVI/EVI UUs, where adaptation co-benefits (cooling, runoff retention, and biodiversity provision) are greatest;
and (iii) deploy PVs only on low-slope and moderate-slope roofs (residential buildings) where energy production needs outweighs
ecosystem services provided by greening. Moreover, RG on public buildings can serve as an equitable complement to municipal efforts
in establishing community gardens on the ground, particularly in UUs with limited private green space(Codato et al., 2024). Na-
tionally, RT4ES is consistent with Italy's National Plan to Adaptation of Climate Change (Ministero dell’Ambiente e della Sicurezza
Energetica (MASE), 2023), which emphasizes municipal, ecosystem-based measures to reduce climate hazards. At the European scale,
it aligns with the EU Green Infrastructure Strategy's call for multifunctional natural networks that deliver resilience and co-benefits
(European Commission, 2013), and complements the EU Strategy on Adaptation to Climate Change by prioritizing
vulnerability-led, nature-based, risk-sensitive actions to safeguard urban populations by 2050 (European Commission, 2021).

Our findings on the spatial distribution of vulnerable populations and UHI effects were consistent with Pappalardo et al. (2023),
who mapped heat-related risk in Padua during the 2022 heatwaves and identified hotspots in industrial and central areas with high
concentrations of vulnerable residents. The very high/high priority areas in the east, northeast, and around urban core belt corre-
sponded with those hotspots. We then translated those risk hotspots into action by integrating socio-economic and environmental
vulnerability indexes with rooftop suitability to prioritize specific rooftop interventions to mitigate the negative environmental im-
pacts of those hotspots. Comparison with family density adds a complementary equity perspective to the prioritization outcomes. The
observed divergence between areas of highest priority and those with greater population exposure suggests that the SEVI/EVI
framework, while effective in identifying vulnerability, may underrepresent zones where more households could benefit from
interventions.

4.4. Data requirements and transferability of the RT4ES framework

Because RT4ES was built entirely with publicly accessible datasets and open-source tools, it is in principle transferable, particularly
across Southern European cities with similar socio-economic and environmental risk profiles. Socio-economic indicators can be
assembled from municipal or national census portals, while key environmental layers are openly available: vegetation cover from
Sentinel-2 (e.g., NDVI) via the Copernicus Data Space Ecosystem; imperviousness from the Copernicus High Resolution Layer
Imperviousness (10-100 m); and thermal context/LST proxies derived from Landsat Collection 2 thermal imagery, processed locally in
QGIS or in GEE. Rooftop characteristics and slope details can leverage LiDAR-derived DSM/DTM and orthophotos commissioned by
the municipalities and later released through their open-data portals. As mentioned in the introduction, especially in Europe, most
countries provide free access to elevation data and high resolution orthophoto. Although such detailed products are available in some
cases, they are not yet universally available, and their absence in many cities would either reduce the spatial accuracy of RT4ES or
require coarser DEM/DSM alternatives. For building footprints, we combined the buildings extracted from the Veneto region topo-
graphic database with OSM building data. In the absence of local datasets, however, the EU EUBUCCO (Milojevic-Dupont et al., 2023)
project could serve as a valid alternative. Together, these sources reproduce suitability and SEVI/EVI stack required to develop the
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RT4ES model, that can be replicated in similar contexts.
5. Conclusion

This study supports rooftop suitability and prioritization research by evaluating four intervention types, EGR, IGR, RG, and PVs, on
a common footing and by integrating SEVI and EVI vulnerability scores to rank suitable rooftops at the UU scale for integrated climate
justice and urban resilience planning. The RT4ES model translates rooftop physical characteristics (slope, area, and building use) into
equity-aware priorities, indicating where resources should be directed first.

Applied to the municipality of Padua, the model reveals marked spatial heterogeneity in rooftop potential and vulnerability across
the urban fabric, from the historic center to residential, industrial and peripheral areas. Results show that suitable rooftops often
support multiple interventions rather than a single exclusive system, with PVs exhibiting the widest applicability (11.93 km? across
30,372 roofs), followed by EGRs (7.25 kmz), while IGRs and RGs remain more context dependent. Overall, vegetated roofs could
increase urban green cover from 56% to 67%, and the estimated PVs generation potential (0.47 TWh yr~!) exceeds current residential
electricity demand.

By coupling a reproducible potential suitability analysis with vulnerability-based prioritization, this study produces a clear equity-
oriented spatial hierarchy, highlighting high-priority UUs beyond the historic center, particularly in northern and northeastern areas
characterized by higher heat exposure, lower vegetation cover, and greater social vulnerability. Incorporating demographic indicators
such as family density further strengthens the capacity of the RT4ES framework to guide equitable, multifunctional rooftop in-
vestments that enhance both urban resilience and social equity.
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