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ABSTRACT

Mediterranean cities face major challenges at the
crossroads of energy poverty, air pollution, and climate
change, where winter wood burning and summer
overheating increase health risks and social inequalities.
This study develops a rooftop nexus framework that links
energy, water, food, biodiversity, and health benefits to
assess building-scale measures like photovoltaics (PVs),
green roofs, and hybrid options across Local Climate
Zones (LCZs). Using loannina, Greece, as a case study, LCZ
mapping was performed and combined with
morphological scaling to estimate rooftop availability for
interventions. Scenario analysis at this stage considered
PV deployment and measured health impacts from
PM2.5 reduction by replacing wood combustion with
ongoing advances in green roof benefits. Results indicate
that LCZ-specific rooftop interventions can generate
enough electricity to replace residential wood burning,
leading to significant decreases in PM2.5 exposure and
related premature deaths. Importantly, connecting LCZ
types with socio-economic vulnerability shows that
targeted rooftop interventions, combined with energy-
sharing schemes, can meet both climate mitigation and
equity goals. This research emphasizes the potential of
LCZ-informed rooftop strategies as an adaptable
framework for health-centered, climate-resilient
changes in Mediterranean cities.
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1. INTRODUCTION

In response to urban transformation, many
sustainable and resilient urban solutions have been
implemented in European and global cities, including
decarbonized transportation, waste management
innovations, renewable energy systems, and nature-
based solutions (NbS). However, evidence from the EU

Mission on 100 carbon-neutral cities shows that current
trajectories are not enough, requiring a fourfold increase
in mitigation efforts within half the time to reach
neutrality by mid-century [1]. This gap is especially clear
in the building sector, where adaptation planning has
been widely studied through NbS like urban greening,
but solar energy strategies remain less advanced,
scattered, and poorly aligned with adaptation goals.

Over the past twenty years, building-integrated
photovoltaics (BIPV) and rooftop solar technologies have
become key strategies for speeding up decarbonization.
However, the two areas of NbS and solar tech are often
studied separately, despite their potential to coexist and
their strong interconnections. Few studies have created
frameworks to examine the combined impact of PV and
green roofs at the city level, nor have they looked at how
their interactions can be optimized within the water-
energy-food-biodiversity-health nexus. This nexus
perspective is especially useful because it provides a
comprehensive view of synergies and trade-offs among
interconnected systems. Yet, most studies focused on
the nexus in cities are either conceptual or sector-
specific, with very few applications at the urban scale and
even less incorporation of urban morphology, such as
Local Climate Zones (LCZs), into the analysis.

The present study addresses this research gap by
developing a socio-ecological-technical framework for
rooftop interventions in Mediterranean cities,
integrating both PV and green roof systems. To this
objective, the city of loannina, Greece, was selected as a
case study as it represents a particularly urgent case due
to its unique air quality challenge.

Furthermore, this study develops and applies a new
framework to evaluate rooftop interventions across LCZs
in loannina, measuring synergies and trade-offs within
the water-energy-food-biodiversity-health nexus. By
connecting rooftop strategies to both climate resilience
and health equity, we aim to illustrate how city-scale
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planning can prioritize interventions that maximize co-
benefits while reducing risks of maladaptation. The
findings offer both methodological innovation and
practical guidance for Mediterranean cities, where
climate pressures, urban forms, and socio-economic
vulnerabilities combine to create significant risks and
opportunities for sustainable transitions.

2. MATERIALS AND METHODS
2.1 Local Climate Zone (LCZ) determination

To analyze the spatial variability of rooftop
intervention potential across loannina, we initially
classified the wurban morphology using the LCZ
framework [2]. LCZs serve as a standardized typology of
urban form and land cover, enabling cross-comparison of
urban climate conditions and supporting the
development of spatially explicit mitigation and
adaptation strategies. For loannina, the LCZ classification
was generated using the LCZ Generator web application
(https://Icz-generator.rub.de), which offers an open-
access platform for creating LCZ maps in cities worldwide
[3].

Training areas were manually digitized using high-
resolution imagery from Google Earth, covering
representative examples of each relevant LCZ type
observed in the urban core of loannina (e.g., LCZ 2, LCZ
3, LCZ 6, and natural classes A, B, D, G). The training
polygons included a minimum of 5-10 representative
sites per LCZ type, following the guidelines provided by
the World Urban Database and Access Portal Tools
(WUDAPT) initiative. Each polygon was delineated to
capture homogeneous land-cover patches, excluding
transitional or mixed areas to minimize classification
uncertainty.

The LCZ Generator uses these training areas within a
supervised machine learning framework. The application
combines multiple Earth observation datasets, including
Landsat 8 surface reflectance, Sentinel-1 radar
backscatter, and digital elevation models, along with
open-source machine learning classifiers. By associating
the spectral and backscatter signatures of the training
areas with their respective LCZ class labels, the model
produces a city-scale LCZ classification raster at 100 m
resolution [3]. Accuracy is evaluated through cross-
validation against the training samples, and confusion
matrices are provided by the tool to assess
misclassifications.

For loannina, this process resulted in the
identification of the main LCZs within the approximately

8.8 km? urban core, which were then grouped by area.
The distribution was as follows: LCZ 2 (2.194 km?), LCZ 3
(1.106 km?), LCZ 6 (2.835 km?), LCZ A (0.753 km?), LCZ B
(0.849 km?), LCZ D (1.05 km?), and LCZ G (0.012 km?).
These results were then used as the spatial basis for
evaluating rooftop intervention potentials in the
following nexus analysis.

2.2 Conversion of LCZ areas to rooftop areas

To estimate the potential rooftop intervention area
in loannina, the LCZ areas from Section 2.1 were
converted into rooftop surface areas using a two-step
process. First, the building footprint ratio (BFR)—which
is the proportion of LCZ area covered by building
footprints—was applied to each urban LCZ type.
According to the literature, compact mid-rise (LCZ2)
generally has high building coverage (0.4-0.7), compact
low-rise (LCZ3) exhibits intermediate coverage (0.3-0.5),
and open low-rise (LCZ6) tends to have lower coverage
(0.2-0.4) [2-4]. In this study, we used representative BFR
values of 0.5 for LCZ 2, 0.45 for LCZ 3, and 0.30 for LCZ 6.
These values align with previous LCZ-based urban
morphology studies in European and Mediterranean
regions [5], although local building practices and
densities may cause deviations from the standard LCZ
values.

Second, to account for the fact that not all rooftop
surfaces are suitable for interventions such as PV or
green roofs, the estimated building footprint areas were
multiplied by a rooftop suitability factor (RSF). This factor
reflects obstacles and competing rooftop uses, including
shading from neighboring structures, ventilation shafts,
elevator overruns, solar thermal collectors, and air
conditioning units. Literature values for rooftop
availability vary widely: studies report that between 40%
and 70% of total rooftop areas are technically usable for
PV deployment after considering shading, orientation,
and structural limitations [6]. However, for
Mediterranean cities where solar thermal systems are
already widespread and rooftop clutter is significant,
lower availability values are often observed [7]. Based on
our preliminary survey of rooftops in loannina using
Google Earth imagery, and supported by European PV
potential studies, we conservatively adopted an RSF of
0.30.

Accordingly, the available rooftop area (ARA) for
interventions in each LCZ was determined as:

ARALczi = LCZarea,i X BFRI x RSF (1)



where LCZqrea, i is the area of the LCZ class in km?, BFRi
is the building footprint ratio, and RSF is the rooftop
suitability factor (set to 0.30).

This simplified yet robust approach enables the
translation of LCZ classification into quantitative
estimates of rooftop intervention potential. Although
the assumptions made here may slightly underestimate
rooftop potential, they reflect a realistic assessment of
availability for Mediterranean mid-sized cities, where
roof clutter and existing uses are common. Future work
will refine these estimates with high-resolution building
footprint datasets and rooftop surveys, but the current
approach offers a valid, literature-supported foundation
for the nexus analysis.

2.3 Nexus framework

To holistically assess the multi-dimensional benefits
of rooftop interventions, we adopted a water-energy-
food-biodiversity-health (WEFBH) nexus framework. This
framework accounts for the direct and indirect
contributions of rooftop PVs and green roofs to energy
decarbonization, water management, food production,
biodiversity enhancement, and public health
improvements. The methodology integrates both
technical performance calculations and ecosystem
service proxies, explicitly tailored for the Mediterranean
climatic context.

2.3.1 Rooftop allocation scenario

Based on the available rooftop areas derived in Section
2.2, the first approximation scenario was defined with
35% of available rooftop area considered suitable for PV
installation (pitched roofs) and 65% of available rooftop
areas assigned to green roofs (flat roofs or suitable for
retrofitting). For the PV share with 25% PV efficiency,
plane-of-array (POA) irradiance is considered as 1870
kWh/m?2/y representative of loannina for a tilt angle of
35° and south orientation, while further correction
factors are applied as availability factor (0.5) accounting
for hip roofs, orientation factor (0.8) for the mean value
of approximate random roof orientation compared to
the optimized south and performance ratio (PR) 0.8 to
account for system and operational losses. The green
roof share was assumed to be fully available for
ecological, hydrological, and co-benefit functions. At this
stage, due to page limitations, the rooftop PV is further
analyzed.

2.3.2 Energy and decarbonization benefits

The PV electricity generation Epy is calculated as:
Epv= Ava favanX forient X Gpo/.\ X PR x EFF x SH (2)

where Apy is the available rooftop area for PVs (m?), favai
0.5 (for one side of a hip roof), foient 0.8 (average
orientation other than south), Gpoa = 1870 kWh/m?/y,
(plane of irradiance), PR 0.8 (performance ratio), EFF
0.25 (PV efficiency), and SH 0.7 (shading factor).
Moreover, the avoided CO; is calculated as:

COzavoided = Epv X Ico2 (3)

where lco; is the current grid emissions in Greece (0.266
kgCO./kWh).

2.3.3 Health benefits

These effects are important and mainly driven by air
pollution avoidance from PV decarbonization (Cemzs).
The index can be calculated as:

Cpmzs = Epy X EFP)9% (4)

where Epy is the electricity substituted (kWh/y), EFp99¢
the avoided PM, s emissions factor (g/kWh) due to the
displacement of wood burning.
The health risk reduction (RR) can be calculated as the
reduction in probability of disease for children, which can
be estimated through exposure-response functions
(ERF):

RR =1—e FAC (5)

where B is the ERF coefficient for PM;s-related
respiratory disease and AC the reduction in ambient
PM.s concentration (ug/m3). For the calculation of the
PM.s emission factor for displaced wood heating, an
important and quite difficult to determine factor, the
literature shows wide ranges for PM;s emissions from
residential wood burning, depending on appliance
age/type (fireplaces, old stoves, new EcoDesign stoves,
pellets). To produce a first quantitative example, we used
an average emission scenario representative of
mixed/older appliances as 10 g PMys per kg wood
burned, and energy content of 4.0 kWhne/kg wood or 0.8
kWhe/kg of wood for a COP 5, which yields EF339¢
equal to 0.0125 kg PM,s/kWh. To estimate health
benefits, an intake fraction (iF) approach was used (iF =
10 per million = 1x107°) to convert avoided emitted PM s
mass to inhaled mass, transform the inhaled mass to an
implied ambient concentration change per person, and
then apply a concentration-response relationship for



long-term PM3s and all-cause mortality. In this approach,
the intake fraction of PM2.5 as inhaled mass is given as

Minhaled,total = PM2.savoided X iF (6)
with per-person inhaled mass calculated from Eqg. (6)
divided by the city population (70k). The implied change

in annual mean concentration per person (ug/m?) is
(Minhaled,total)

AC (Zl_i): Population ’ .1 19 (7)

Vinhale,y

where Vippgiey is the annual inhaled volume (m* per
person per year, 20 m3/day or 7,300 m3/y). The
concentration—-response  for long-term  all-cause
mortality was calculated as RR = 1.08 per 10 pg/m? with
B =1n(1.08)/10 = 0.00769 per pg/m?.

The attributable fraction (AF) for long-term mortality
(small AC approximation) was calculated as

AF =1 — e FaC (8)

with B=In (RR10ug)/10. The deaths avoided were found
by multiplying the factor AF by the baseline deaths,
defined as the product of the crude death rate and the
population. A simple approximated baseline death-rate
of ~10/1,000 yr was used for Greece.

3. RESULTS

The classification of loannina using the LCZ
Generator revealed a heterogeneous urban structure
dominated by compact mid-rise (LCZ2) and compact low-
rise (LCZ3) forms, which together account for more than
half of the built-up area (Figure 1). The spatial
differentiation of LCZs thus underpins both the technical
potential for PV and green roof deployment and the
equity dimension of energy access, making loannina a
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representative case study for Mediterranean urban
environments facing the combined challenges of air
pollution, energy poverty, and climate resilience.

The application of the rooftop nexus framework to
loannina demonstrated the significant potential of
building rooftops to provide clean electricity and deliver
health co-benefits. Across all LCZs, the deployment of
PVs under the conservative scenario produced an
estimated 27 GWh/year of electricity, after accounting
for shading, roof orientation, and technical performance
factors. This output corresponds to an avoided 7.15
ktCO,/year through the substitution of grid electricity,
contributing directly to national decarbonization targets.
Importantly, when scaled against the thermal energy
equivalence of residential wood burning, the PV-
generated electricity could displace approximately 33,75
ktons of firewood annually, a major source of PMys
pollution in the city. Using emission factors of 10 g
PM,s/kg wood and an intake fraction of 10 ppm, the
estimated avoided exposure amounts to 336 t
PM,s/year, translating into a substantial reduction in
population-level health risks. Based on concentration—
response  functions from WHO and recent
epidemiological studies, this corresponds to a relative
reduction in premature mortality on the order of 5%,
with additional co-benefits for children’s health and
reduced incidence of cardiovascular and respiratory
diseases.

These quantitative outcomes are summarized in
Figure 2, which illustrates the LCZ areas, rooftop PV
potential, annual electricity generation, avoided CO,
emissions, avoided PM2.5 emissions, and the associated
reduction in premature deaths. The results further reveal
that LCZ2 (compact mid-rise) and LCZ3 (compact low-
rise) provide the highest technical potential, both due to
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Fig. 1 Urban extent and Local Climate Zone (LCZ) classification of loannina, Greece. The figure shows the urban
boundary derived from Environmental Insights Explorer (left), the distribution of training areas used in the LCZ
Generator (right), and (c) the resulting spatial distribution of LCZ classes across the urban core (mid).



their larger rooftop footprints and their concentration of
vulnerable populations most reliant on wood
combustion for heating. This highlights the dual role of
rooftop PVs in simultaneously mitigating air pollution
and addressing energy poverty in dense Mediterranean
urban fabrics.

4. DISCUSSION & CONCLUSIONS

This study demonstrates how the integration of
Local Climate Zone (LCZ) classification with a nexus-
based rooftop assessment framework can provide a
powerful tool for designing equitable and resilient urban
energy transitions. The LCZ methodology, applied
through the LCZ Generator, offered a systematic and
spatially explicit representation of loannina’s urban
morphology, differentiating compact mid-rise (LCZ2),
compact low-rise (LCZ3), and open low-rise (LCZ6) areas
as key contributors to the city’s rooftop potential.
Although LCZs do not directly reflect socio-economic
conditions, they serve as an essential structural baseline
that can be enriched with data on energy poverty,
heating practices, and population vulnerability to
strengthen targeted interventions.
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Applying this framework to loannina, we calculated
that rooftop photovoltaic deployment at these LCZs
could generate about 27 GWh of electricity each year.
This clean energy production results in a CO2 reduction
of nearly 7,200 tons annually, making a meaningful
contribution to decarbonization efforts in a city where
the built environment is a major source of emissions. In
addition to climate benefits, replacing residential wood
burning  with  solar-powered electricity = would
significantly improve air quality. Based on conservative
estimates of emission factors, intake fractions, and
concentration—response relationships, we projected an
annual PM2.5 exposure reduction equivalent to about
5% of all premature deaths in the city. This health co-
benefit underscores the essential role of electrificationin
tackling both air pollution and energy poverty.

Globally, excess deaths from fine particulate
pollution are estimated to be around 8 million annually
[8]. With coal-fired electricity generation remaining
nearly constant at approximately 10,000 TWh in recent
years [9], this equates to about 800 deaths per TWh of
fossil-fuel-based power. Large, multi-region studies
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Fig. 2 Rooftop photovoltaic potential and associated climate and health co-benefits across Local Climate Zones
(LCZs) in loannina. Panels show: (a) total LCZ area, (b) available rooftop area suitable for PV installation, (c)
annual PV electricity generation, (d) avoided CO, emissions, (e) avoided PM2.5 emissions, and (f) estimated

avoided premature deaths due to reduced population exposure.



estimate that grid-scale renewable generation (wind and
utility-scale solar) results in significantly fewer avoided
premature deaths per unit of electricity when averaged
across countries, approximately 2—3 avoided deaths per
TWh in recent U.S. analyses [10].

In contrast, our rooftop PV scenario for household
electrification in loannina estimates approximately 1.3
avoided deaths per GWh, which is about 1,300 per TWh.
These figures are not conflicting because they represent
very different displaced sources and spatial scales.
Utility-scale studies mainly model displacement of
emissions from tall power plant stacks with regional
dispersion, resulting in relatively low exposure per unit
of generation. Our analysis, however, focuses on the
displacement of residential wood combustion, where
emissions are released at low height and close to people,
leading to much larger intake fractions and thus higher
health benefits per kWh. This difference highlights the
significant local public health impact of rooftop PV aimed
at neighborhoods that depend on polluting household
fuels, aligning with research that reports considerable
health burdens from residential wood smoke [11,12].

Further analysis on the precise determination of
building rooftop area to electricity conversion factor
using remote sensing techniques, the complementary
benefits of green roofs, and the expansion of the
methodology to all Mediterranean cities is ongoing.
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