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Preface

Cities today face unprecedented environmental, social, and economic challenges associated
with rapid urbanization, climate change, resource consumption, demographic transformations,
and increasing territorial pressures. In this context, the creation of more sustainable, resilient,
and liveable urban environments has become a global priority. Addressing these challenges
requires interdisciplinary approaches capable of integrating spatial analysis, territorial planning,
environmental assessment, and technological innovation. This Reprint brings together contributions
that explore theoretical and methodological advances in the field of sustainable urban development,
with particular attention to urban resilience, ecosystem services, ecological networks, land-use
dynamics, public health, and sustainable mobility. Through international case studies and empirical
applications, the authors provide new perspectives for understanding and managing contemporary
urban transformations. The motivation behind this Reprint stems from the growing need to better
understand the interactions between natural and built environments and to support strategies
capable of balancing environmental quality, social well-being, and territorial development. The
contributions presented in this volume demonstrate how spatial modelling, geospatial technologies,
big data analytics, and simulation tools can support more effective decision-making processes and
a more informed management of cities. The topics addressed range from ecological network
optimization and ecosystem service assessment to the analysis of urban expansion and its
environmental impacts, the design of resilient public spaces, post-disaster reconstruction, mobility,
and territorial development policies. Taken together, these contributions highlight the value of
integrated approaches for addressing the complexity of contemporary urban contexts and promoting
more sustainable and inclusive transformation pathways. This Reprint is intended for researchers,
practitioners, and decision makers engaged in the study and management of urban transformations.
We hope that the reflections and findings presented in this volume will stimulate further research
activities, foster interdisciplinary collaboration, and contribute to the development of innovative

solutions for more resilient, inclusive, and sustainable cities.

Francesco Zullo and Cristina Montaldi
Guest Editors
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Abstract

This article examines the role of urban design in integrating biodiversity preservation
with the enhancement of environmental and human health and quality of life in urban
and peri-urban areas. Building on three complementary perspectives—urban design, the
Healthy Habits framework, and socio-ecological networks—the review seeks to bridge
short- to medium-term actions for improving the quality of life with long-term strategies
for biodiversity preservation. While partial connections between these domains exist, they
remain fragmented, underscoring the need for a holistic and transdisciplinary approach to
urban socio-ecological health. The study employs a two-stage methodology, combining
a scoping review to map existing evidence with a qualitative thematic review across
SCOPUS-indexed research, European and international policy frameworks, and practical
applications. The One Health paradigm is used as the principal integrative tool to link
urban design, the Healthy Habits framework, and the socio-ecological networks. The
topics of European environmental policies, evolutionary pillars, and social cohesion are
incorporated to strengthen the interrelations between environmental and societal health
and well-being. The findings highlight the importance of a holistic approach, behavioural
insights, urban nudges, and participation, which can become key elements in fostering
social cohesion, ecological resilience, and overall health. The research concludes that health-
oriented urban design must go beyond traditional planning paradigms and tools, adopting
adaptive, relational, and transdisciplinary approaches to address the challenges posed by
contemporary times.

Keywords: urban and territorial planning; biodiversity and ecosystem services; public
health; participatory governance; social cohesion; resilient urban systems

1. Introduction

The Natura 2000 network, throughout Europe, focuses on safeguarding biodiversity by
maintaining natural resources (natural and semi-natural habitats, as well as wild flora and
fauna) in a state of “satisfactory conservation”. There is a growing belief that biodiversity
contributes to sustainability [1-3] and must be promoted and maintained, considering
economic, social, and cultural needs and regional and local particularities.

Sustainability 2025, 17, 10014 https://doi.org/10.3390/su172210014
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The advances in ecology and conservation biology have already shown that the
conservationist approach focused on individual threatened species does not yield effective
conservation outcomes [4,5]. Conservation instruments, which for most species rely on
protected areas, are insufficient to halt biodiversity loss and thus call for conservation
initiatives on the broader landscape surrounding protected areas [6]. Therefore, it is
necessary to operate within a network vision, in which human activity itself, if well-
designed, can help preserve biodiversity. However, the complex interconnections among
living beings and their environments must be considered.

Natura 2000, as a network concept, enters a logic of sustainability by recognising that a
series of human (traditional agricultural) activities are even indispensable for the protection
of biodiversity [7] and that the depopulation and abandonment of areas are anything but
beneficial to the conservation of natural and very often semi-natural habitats [8]. Also,
the well-being and health of the inhabitants depend on the environmental conditions
of the open green spaces and the city [9]. In this interrelation between the quality of
biocenoses—groups of interacting organisms living in a particular habitat and forming a
self-regulating ecological community—and the quality of life, the Natura 2000 Network
takes on particular importance when nature meets inhabited spaces.

All this revolutionises the approach to the management of Natura 2000 Sites and
the entire territory, opening the need for exploring new connections between the various
disciplines involved in urban planning and design that improve the quality of life and
well-being of ecological and social communities. Therefore, it is necessary to radically
reconsider the interrelations between the living spaces of plants, animals, and humans, to
reconcile the improvement of the biocenoses of a geographical area at the same time as
the increase in the quality of life and health of the inhabitants of that same geographical
area [10].

The current body of knowledge is examined to demonstrate interrelation intensities
among urban planning, the Healthy Habits framework, and socio-ecological networks.
The integration of urban design and socio-ecological networks is identified in community
gardens and urban green spaces that function simultaneously as ecological nodes, support-
ing biodiversity and ecosystem services, and as social nodes, enhancing social cohesion
and interaction [11,12]. Frameworks such as One Health [13] and the Virtuous Cycle [14]
explicitly link urban planning with socio-ecological processes, highlighting participatory
planning and justice-oriented processes as critical mechanisms for integration. Design
elements of urban form, such as density, accessibility, and walkability, are operationalised
in frameworks like the Eight Dimensions (8Ds) [15] and the Walkability Measurement [16],
showing context-dependent relations between regional planning and urban design to
functions of urban networks in creating healthy and sustainable cities. Research on interac-
tions between urban design and socio-ecological networks reports trade-offs (e.g., compact
design may reduce green infrastructure) [13] and highlights synergies (e.g., regenerative
approaches align social and ecological objectives) [17].

Socio-ecological networks such as green spaces, parks, and walkable environments
are associated with increased physical activity, reduced stress, enhanced mental health, and
improved social cohesion [18-20] as indicators of human health and well-being. Subjective
perceptions of urban green spaces, such as perceived safety and aesthetic quality, play
a key role in whether residents adopt health-promoting behaviours [20]. Also, socioeco-
nomic status and community engagement emerge as moderating factors that affect access
to healthy environments and behaviours [21], thus underscoring the necessity for urban
planning policies to adopt an inclusive approach [22]. Participatory approaches and com-
munity involvement in planning and management [14,19] effectively align socio-ecological
structures with health needs.
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The influence of urban design features such as walkability, mixed land use, and
green infrastructure is linked to human health and Healthy Habits behaviours [18,19], as
supported by frameworks such as the Park Network Index [23] and Salutogenic Urban
Design [24]. However, some studies on urban form and green infrastructure [13,25] point
to adverse or mixed effects in high-density environments, where benefits to human health
through walkability and social ties may coexist with reduced access to green spaces and
potential isolation.

Examining the interrelations between urban design, the Healthy Habits framework,
and socio-ecological networks, the thematic literature review reveals integration of urban
design and socio-ecological networks, the impact of socio-ecological networks on human
health, and the influence of urban design on human health. Although some of the reviewed
frameworks, such as One Health [13], the Eight Dimensions (8Ds) [15], and Salutogenic
Urban Design [24], illustrate that the integration of socio-ecological networks and well-
planned urban structures reinforces health-promoting behaviours, the holistic interrelation
is missing. The current body of knowledge lacks an integrated and systemic understanding
of how urban form, socio-ecological networks, and public health outcomes co-evolve and
influence one another in shaping social well-being and ecosystem health. This absence
of a holistic perspective represents a critical research gap, particularly given the increas-
ing complexity of urban socio-ecological systems. This research gap is evidenced in the
prevailing tendency in scholarly and policy discourse to address human health separately
from the health of animals, plants, and ecosystems [26]. To address this fragmentation,
this review brings together interdisciplinary expertise from urban planning, public health,
and urban sociology—disciplines essential for the sustainable management of urban envi-
ronments, integrating socio-ecological networks and the Healthy Habits principles of its
inhabitants. Such integration and holistic understanding are crucial for shaping urban life,
which equally supports both human well-being and ecosystem health.

The methodological approach combines a scoping review of scientific bases with a
thematic review across urban planning, public health, and sociology disciplines, converging
on three complementary perspectives to provide additional knowledge on human well-
being, ecosystem health, and sustainability in urban and peri-urban areas. To advance
a more holistic understanding of these interrelations, the thematic review is structured
around three complementary topics:

e the evolution of European environmental policies influencing urban planning and the
design of public green spaces for human and environmental health (urban planning
perspective);

e designing healthy cities with the Healthy Habits framework: a One Health model
grounded in four evolutionary pillars (public health perspective);

e urban systems and social interaction for healthy cities: the outdoors generating healthy
social networks (sociological perspective).

In conclusion, the findings underscore that the effective management of urban green
spaces, in conjunction with supportive human behaviours, can significantly enhance public
health and increase biodiversity. These outcomes align with the objectives of the main
European strategies aimed at fostering sustainable, resilient, and health-promoting urban
environments.

2. Methods and Materials

The literature review adopts a two-step methodological approach: (i) an initial scoping
review to set the state-of-the-art and identify research gaps in the interrelation of urban
design, Healthy Habits, and socio-ecological networks, followed by (ii) a thematic review
to deepen the interrelation analysis of these three perspectives within their disciplines
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of urban planning, public health, and sociology. This interdisciplinary approach, which
combines quantitative and qualitative research, facilitates the identification of key patterns
and conceptual overlaps that support an integrated understanding of urban socio-ecological
health. By structuring the analysis through three complementary perspectives, the review
synthesises insights that are often treated separately.

2.1. The Scoping Review

The scoping review was conducted with the aim of synthesising scientific evidence on
how urban design, socio-ecological networks, and the Healthy Habits framework interact
to influence human and environmental well-being in urban settings. The review applies a
semantic-search approach using Elicit [27], which leverages large-scale language models
to identify relevant publications through meaning-based retrieval, rather than keyword
matching. Elicit, an Al-based scientific research assistant, indexes academic papers from
Semantic Scholar, PubMed, and OpenAlex. The scoping review was conducted in three
stages: (i) initial identification, (ii) screening and eligibility, and (iii) refinement, data
synthesis, and thematic analysis (Table 1).

Table 1. Methodological approach of the scoping review.

Stages Process Description Outputs (n)
Stage 1—Initial Systematic semantic search .
identification using Elicit Al 499 retrieved papers
. Application of
Stage 2—.S§r§e.mng and inclusion/exclusion 486 eligible papers
eligibility criteria

Ranking the eligible papers
by the highest screening 40 studies for data
scores according to the synthesis and analysis
inclusion criteria

Stage 3—Refinement, data
synthesis, and thematic
analysis

The initial identification was carried out using Elicit by applying the research question:
“What are the interactions between urban design, socio-ecological networks, and the
Healthy Habits framework in shaping the quality of life for humans and the environment
across different urban contexts?” For the requested timeframe of the literature review, from
2010 to 2025, Elicit returned 499 results ranked by semantic proximity.

In the second step, abstracts and metadata of each paper were screened against
inclusion and exclusion criteria to confirm the eligibility of 486 papers. Screening criteria of
inclusion involve:

e  urban setting—study conducted in an urban, suburban, or peri-urban context;

e  quality-of-life outcomes—including analysis of both human and/or environmental
well-being indicators;

e  multi-dimensional scope—investigation of at least two of the three systems—urban
design, socio-ecological networks, Healthy Habits related concepts;

e  empirical or systemic research—peer-reviewed empirical research, systematic/scoping
review, or validated conceptual framework;

e community or spatial scale—intervention or observation at neighbourhood, district,
city, or metropolitan level;

Screening criteria of exclusion involve:

e studies conducted in non-urban and rural settings;
e  missing evidence base—opinion pieces or editorials;
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e missing systemic perspective—missing explicit link between urban design, socio-
ecological networks, and health;
e no quality of life or well-being outcomes.

From the initially retrieved papers that met the screening criteria of inclusion and
exclusion, 40 studies with the highest screening scores were processed for data extraction
and synthesis. For each of the 40 included papers, the Elicit was instructed to extract and
tabulate the following dimensions: urban design framework; socio-ecological networks;
health-related frameworks; quality of life measures (both human and environmental in-
dicators); urban context; interaction mechanisms; study design (methodology); and key
findings. Data were automatically summarised by Elicit and manually verified for coher-
ence and relevance. Further data synthesis and thematic analysis were conducted based on
extracted evidence, following PRISMA-ScR guidelines. Patterns were identified across the
following interaction types: urban design <+ socio-ecological networks; socio-ecological
networks <+ healthy habits; and urban design <+ healthy habits, to set the state-of-the-art
and identify research gaps. Results were mapped according to human and environmental
quality-of-life outcomes, summarised and discussed in conceptual matrices.

2.2. The Thematic Review

The initial insights provided by the Elicit scoping review were further refined through
a qualitative thematic review of three complementary thematic perspectives of urban
design, the healthy habits framework, and socio-ecological networks. The thematic review
was conducted within urban planning, public health, and sociology disciplines, exploring
the interactions between thematic perspectives through the connections between theoretical
frameworks and practical applications. The theoretical framework of relevant academic
studies was collected from the SCOPUS database, ensuring comprehensive coverage of peer-
reviewed research. Additionally, policy documents from the European Commission, the
Council of Europe, and the United Nations were reviewed to integrate policy frameworks
and strategic directives with scientific evidence.

The theoretical framework is further strengthened through the integration of practical
examples, which are explored within a timeframe aligned with the thematic review. The
first thematic contribution associates European environmental policies with a holistic vi-
sion of urban planning and design, exploring the interactions between different sectoral
contents of ecology, urban planning, health, and participation. The evolution of European
environmental policies is examined, beginning with the first international and European
conferences and policy documents on environmental protection in the 1970s. The second
thematic contribution explores how the Healthy Habits (HH) framework, originally de-
veloped as a preventive and holistic approach, grounded in the One Health paradigm,
with its four evolutionary pillars (physiology, psycho-relational well-being, nutrition, and
environment), can inform urban planning and design strategies. The third thematic contri-
bution was achieved by proposing a review of sociological approaches that have sought
to understand cities as complex and interconnected systems, partly because of the devel-
opment of information flows. The space of places has been flanked, or replaced, by the
space of economic, cultural, political, and information flows, creating the conditions for the
activation of new health connections linked to ecological and natural networks.

This combined research approach (Table 2) supports a more holistic understanding of
how the three thematic domains intersect and enhance existing knowledge on urban socio-
ecological networks. A comprehensive review highlights the points of contact between
actions to improve environmental conditions and to raise the quality of life for healthy cities.
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Table 2. The structure of the thematic review on the interactions of urban design, socio-ecological
networks, and the healthy habits framework.

Thematic Perspectives of Socio-Ecological

the Thematic Review Urban Design Healthy Habits Networks

Disciplines of the three . . .

thematic perspectives Urban planning Public health Sociology
Theoretical sources Relevant academic studies collected from the SCOPUS database

Review of policy documents from the European Commission, the Council of Europe,

Policy sources and the United Nations

The evolution of European

environmental policies Designing healthy cities Urban systems and social
. ' ' influencing urban planning with Healthy Habits: A interaction for healthy
Thematic review topics and the desien of public One Health model cities: The outdoors
roen s acesg for hlzlman grounded in four generating healthy social
5 p evolutionary pillars networks

and environmental health

Applications of Healthy ~ Applications of social and
Habits practices in schools, ecological design
workplaces, communities frameworks

Reviewed European Urban planning and design
practices of public green spaces

3. The Evolution of European Environmental Policies Influencing Urban
Planning and the Design of Public Green Spaces for Human and
Environmental Health

Environmental protection is one of the significant global challenges of the twenty-first
century and a political priority for the European Union, which considers it an integral part
of its sustainable development. Since the 1970s, following the Stockholm Conference on the
Human Environment [28], the European Union has progressively evolved its strategies to
incorporate the environment into all sectoral policies, thereby influencing urban planning
and design and addressing human health.

The Stockholm Declaration of the United Nations Conference on the Human Environ-
ment, which was the first world conference to make the environment a major issue, was
initiated with a proclamation: ‘Man is both creature and moulder of his environment, which
gives him physical sustenance and affords him the opportunity for intellectual, moral, so-
cial and spiritual growth’. This proclamation embodies two, often conflicting visions of
anthropocentrism (human-centred) and ecocentrism (nature-centred), thus paving the way
towards a holistic vision of the environment that is reflected in the means of planning
and design of urban and peri-urban landscape. The anthropocentric vision considers the
environment essential to the extent that it serves humanity, while ecocentrism values nature
for its own sake [29]. These two opposed visions of the environment have led to a separatist
vision of society and nature in the twentieth century. A more complex understanding,
marked in the Stockholm Declaration, recognises the interconnection between humanity
and nature as well as the holistic vision of the environment necessary for a fair and sustain-
able future, in which human well-being is achieved not at the expense of the planet, but in
harmony with it.

The fundamental steps in the evolution of European environmental policies are re-
traced with the aim of identifying opportunities for enhancing the integration of a holistic
dimension into the planning and design of public green spaces, focusing on the interdepen-
dence of human and environmental health in urban and peri-urban areas. The three phases
in the evolution of European environmental policies: (i) distinguishing man from nature:
1970-1987; (ii) integrated vision: 1987-2006; (iii) towards systematic and holistic vision:
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from 2007, are reviewed in relation to representative urban planning and design practices
(Table 3) and the change in consideration of human and environmental health (Figure 1).

Table 3. Overview of the European environmental policies related to urban planning and design

practices of the public green spaces, influencing human and environmental health.

European Environmental Policies

Representative Urban Planning
and Design Practices of the
Public Green Spaces

Consideration of Human and
Environmental Health

Phases of the European
Environmental Policies
Influencing the Health

1st EAP, 1973-1976

2nd EAP, 1977-1981

Convention on the Conservation of
European Wildlife and Natural Habitats,
1979

3rd EAP, 1982-1986

IBA Emscher Park, Ruhr
La Vilette, Paris
Parc André-Citroén, Paris

Distinction of humanity and
nature by seeing environmental
protection as a defence of
humanity

Distinguishing man
from nature
1970-1987

4th EAP, 1987-1992

Natura 2000 Network, 1992

5th EAP, 1993-2000

Council of Europe Landscape Convention,
2000

Strategy for Sustainable Development,
2001, 2006

6th EAP, 2002-2012

Landscape Urbanism
Green Urbanism
Re-Urbanism

New Urbanism
Everyday Urbanism

Consideration of both human
and environmental health
through the concept of
sustainable development

Integrated vision
1987-2006

(New) Leipzig Charter on Sustainable
European Cities, 2007, 2020

EU Biodiversity Strategy, 2011

Green Infrastructure (GI)—Enhancing
Europe’s Natural Capital, 2013

7th EAP, 2014-2020

Urban Agenda for the EU, 2016

The European Green Deal, 2019

EU Strategy on Adaptation to Climate
Change, 2021

8th EAP, 2022-2030

EU Regulation on nature restoration, 2024

Green Capital of Europe, 2010
European Green Leaf Award, 2015
National Park City network, 2021
Greening City Partnership, 2022

Towards awareness of the
interdependence of human and
environmental health as a single
system

Towards systematic and
holistic vision
From 2007

(EAP) Environmental Action Programme, (EU) European Union.

HIIMANITY
SIUVaRN Y

HUMANITY

ENVIRONMENT

Figure 1. The change in consideration of human and environmental health in the evolution of

European environmental policies. First phase (1) distinguishes humanity and nature by seeing

environmental protection as a defence of humanity. Second phase (2) considers both human and

environmental health through sustainable development. Third phase (3) streams towards awareness

of the interdependence of human and environmental health as a single system.

3.1. Distinguishing Man from Nature: 1970-1987 Humanity and Nature as Distinct

Entities—Environmental Protection as a Defence of Humanity

The evolution of European environmental policies can be primarily followed through

a series of Environmental Action Programmes (EAP) that were inaugurated after the

Stockholm Conference [28]. The 1st EAP aimed to improve the setting and quality of life,

as well as the surroundings and living conditions of the people. This rationale was sectoral,
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focusing on pollution reduction and nature protection, as planned actions aimed to limit the
environmental damage caused by urban and industrial development. The Bern Convention
further enhanced nature protection, an innovative biodiversity convention adopted in
1979, through the approach of protecting both species and habitats, as well as recognising
the intrinsic values of wild flora and fauna [30]. The following EAP-s introduced the
preventive approach that required economic and social developments to be undertaken
in such a way as to avoid the creation of environmental problems. Even though the first
EAP-s demonstrated integrating environmental requirements into many economic and
social sectors, the environment was still considered an external entity to humanity.

The evolution of environmental policies in Europe was closely aligned with the
establishment of the United Nations Environment Programme, as reflected in the Limits to
Growth debate [31]. The international policy documents of the 1970s, such as the UNESCO
Convention Concerning the Protection of the World Cultural and Natural Heritage [32],
which primarily focused on identifying and listing heritage sites of ‘outstanding universal
value’, demonstrated the perception of humanity and nature as distinct entities. Yet, the
UNESCO Man and Biosphere Programme (MAB), established in 1971, aims to provide a
scientific basis for enhancing the relationship between people and their environments, thus
opening a sustainable development perspective.

The topics opened by the evolution of European environmental policies were re-
flected in urban planning and design projects for public green spaces in the 1970s and
1980s—especially limiting the environmental damage caused by urban and industrial
development, the need for landscape in the transformation of industrial areas, and the
development of ecological criteria. This initiation phase coincided with the onset of the
post-industrial shift in Europe, characterised by a decline in manufacturing and a corre-
sponding rise in the service sector. From the 1970s, numerous landscape planning and
urban development projects referred to the ecological, economic, and cultural renewal of
the former industrial region as well as the transformation of former industrial sites into
public green spaces, like IBA Emscher Park in the central Ruhr region and projects Parc
de La Villette and Parc André-Citroén in Paris. The development of ecological criteria
was also followed in urban planning, where the New Urbanism movement [33] promoted
urban visions and theoretical models for reconstructing the “European” city, involving the
conservation of natural resources and the preservation of environmental health.

The initial phase of European environmental policy evolution reflected a human-
centric approach, where the environment was protected based on human needs, without
effective integration between social and natural systems. This perception of humanity
and nature as distinct entities was manifested in environmental protection as a defence of
humanity, limiting the environmental damage caused by urban and industrial development,
as well as improving the setting and living conditions as a base for the health and well-
being of people. Landscape and urban planning projects and movements from the 1970s
introduced social revitalisation and the integration of nature into the urban environment,
thus opening a sustainable perspective on development that led to a higher awareness of
the integrated vision of environmental and human health in the late 20th century.

3.2. Integrated Vision: 1987-2006 the Environment Becomes Part of Sustainable Development

The Brundtland Report of the World Commission on Environment and Development,
entitled Our Common Future, marked a new phase in both international and European
environmental policies by adopting the concept of sustainable development. The ability
of humanity to make development sustainable means ‘to ensure that it meets the needs
of the present without compromising the ability of future generations to meet their own
needs’ [34], thus paving the way for an integrated vision of economic, social, and environ-
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mental policies. The UN Conference on Environment and Development in Rio in 1992,
known as the ‘Earth Summit’, established the concept of sustainable development as a
global goal, resulting in the Agenda 21 action programme, the UN Convention on Climate
Change, the Convention on Biological Diversity, and the Declaration on the Principles of
Forest Management. Further evolution of the sustainability concept was marked by the
Kyoto Protocol [35], an international treaty aimed at reducing greenhouse gas emissions,
and the Millennium Development Goals, which aligned respect for nature with fundamen-
tal values such as freedom, equality, solidarity, tolerance, and shared responsibility, all
essential in the twenty-first century.

The 4th EAP laid the foundation for the transition towards ‘sustainable development’
as a central principle, incorporating environmental protection into all relevant EU policies to
integrate with economic growth and job creation in Europe. With the Maastricht Treaty [36],
the European Union officially integrated the environment into all sectoral policies, with
the objectives of preserving, protecting, and improving the quality of the environment;
protecting human health; and ensuring prudent and rational use of natural resources.
In this context and by strengthening the EU commitment to the Bern Convention on
the Conservation of European Wildlife and Natural Habitats [37], a new approach to
environmental protection emerged, based on the coexistence of biodiversity conservation
and human activities within the Natura 2000 Network. Two key instruments: (i) the Birds
Directive [38], which protects all wild bird species, and (ii) the Habitats Directive [39],
together establish the Natura 2000 Network as a European ecological system of protected
areas and promote active and participatory land management, reconciling conservation
and local development. At the change of the millennia, the scope of policies contributing to
environmental protection in Europe, further expanded by, the Council of Europe Landscape
Convention [40] that addressed all landscape (outstanding, every-day, and degraded)
and the whole of the environment as valuable, and culminated with the EU Strategy for
Sustainable Development [41] that affirmed the environment, economy, and society as part
of a single system that must ensure equity, quality of life, and ecological protection.

The integrated vision of environmental and human health in European environmental
policies at the turn of the millennium was marked by the concept of sustainable develop-
ment, which promoted economic, social, and environmental sustainability. This was in line
with the accelerating post-industrial shift, marked by the growth of science-based industries
and the advent of the information age. The landscape and urban planning projects of the
time continued the transformation and renewal of former industrial sites through the inte-
gration of social revitalisation and nature into the urban environment, like Landschaftspark
Duisburg-Nord, Duisburg, and Alter Flugplatz Kalbach, Frankfurt am Main/Bonames,
in Germany, and Parc de Bercy, Paris, and Louvre Lens Museum Park, Lens in France.
The step towards sustainability was also evident in urban planning and design theories
and practices, as Landscape Urbanism emerged as a response to the perceived limitations
of traditional urban planning and design approaches [42]. It is a(n) (inter)disciplinary
theory that prioritises the landscape as the basic medium of constructing contemporary
cities [43,44] and gives a response to urban planning and design challenges—ecological
and economic value to sites of stalled development, collaboration across disciplines and
communities, and an authentic landscape response of urban identity that arises from the
metaphysical side of landscape. The approach of Biophilic cities promotes the integration
of nature into urban design and planning [45].

The change of the millennium was characterised by the plurality of urban planning
and design theories, approaches, and concepts that influenced the shaping of the urban en-
vironment to an extent greater than the individual landscape and urban planning projects.
Re-Urbanism is oriented towards constant urbanity; Green Urbanism is focused on eco-
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logical sensitivity; New Urbanism is based on a neighbourhood concept and walkability;
Post-Urbanism, as a generic hybridity, is concentrated in reinvention and restructuring;
Everyday Urbanism promotes vernacular spatiality with a bottom-up approach [46]. These
urban planning approaches, varying in intensity, integrate environmental and human
needs and are rooted in sustainable development that balances economic prosperity, social
equity, and environmental protection.

3.3. Towards Systematic and Holistic Vision: From 2007 Humans and the Environment Belong to a
Single System

With the Treaty of Lisbon [47], the European Union has adopted a holistic and intercon-
nected approach to the environment, thus identifying the inextricable link between nature,
human well-being, the economy, and society. This represents the definitive overcoming
of the sectoral approach of the past: the environment is no longer an isolated area, but a
cornerstone of public policies, including in urban, agricultural, and industrial contexts.
By adopting the EU Biodiversity Strategy [48], the Commission committed to developing
a Green Infrastructure Strategy [49] to enhance Europe’s natural capital and give proper
value to ecosystem services. The Strategy defines green infrastructure as a tool for pro-
viding ecological, economic, and social benefits through natural solutions, which drive
towards innovative, sustainable, and inclusive growth.

The UN Conference on Sustainable Development in Rio, in 2012, was framed around
the concept of ‘green growth’ and set in motion the Sustainable Development Goals
(SDGs) [50]. The holistic vision of people and environment finds full expression with
the adoption of the United Nations 2030 Agenda, whose Sustainable Development Goals
have been integrated into EU strategies. A decisive step forward in achieving Sustainable
Development Goals, as well as strengthening the EU commitment to the Kyoto Protocol
from 1997, is the European Green Deal [51], the EU’s strategy to achieve climate neutrality
by 2050. The Green Deal extends beyond climate mitigation, encompassing public health,
the circular economy, sustainable agriculture, green mobility, biodiversity protection, and
social justice, to achieve systemic transformation. The recent EAP-s supports the EU’s
long-term vision of living well and within the limits of our planet by building upon the
European Green Deal. The emphasis on climate action of the European Green Deal and
the EU Strategy on Adaptation to Climate Change [52] aligns with the shift in interna-
tional environmental policies towards addressing climate change [34]. The most recent
EU environmental policy is the Nature Restoration Law [53], which further strengthens
the integrated approach by introducing the binding environmental restoration obligations
for terrestrial and marine ecosystems, including agricultural and urban ones. With these
actions, the European Union adopts a systemic vision in which humans are an integral part
of ecosystems, and the environment is recognised as a fundamental condition for the future
of European society.

The synergy of environmental protection and sustainable development, supported
by frameworks such as the UNESCO Man and Biosphere Programme, the Ramsar List
of internationally important wetlands, and the UNESCO Global Geoparks Network, is
in the twenty-first century further focused on urban areas. The network approach of the
UNESCO frameworks is utilised in urban contexts, through the European Commission’s
Green City Awards, which include two titles: the European Green Capital (EGC) for cities
with over 100,000 inhabitants and the European Green Leaf (EGL) for smaller cities with
20,000 inhabitants. These awards for best practices in sustainable urban development [54]
recognise local actions towards a transition to a greener future and an improvement in the
quality of life and environment. After London became the first National Park City in 2019,
the National Park City Foundation [55] was established, aiming to provide a vision and a
city-wide community that is acting together to make life better for people, wildlife, and
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nature. The initiatives focusing on making cities more sustainable and climate-resilient
involve the European partnership Greening Cities under the EU’s Urban Agenda, as well
as the international partnership Greener Cities, led by the UN Environment Programme
(UNEP) and UN-Habitat.

These frameworks, awards, foundations, and partnerships in synergy with environ-
mental protection and urban planning, represent the contemporary network approach to
addressing urban environmental challenges and advancing climate-resilient, inclusive, and
healthy urban communities. Impacts are achieved through increased citizen participation,
enhanced urban biodiversity, and the application of blue and green infrastructure and
nature-based solutions. The long-term vision of Europe, which is built upon the European
Green Deal, promotes a model in which the environment, economy, and social cohesion
are sustainable, equitable, and interdependent. Therefore, Europe aims to accelerate the
transition to a climate-neutral and resource-efficient economy, recognising that human
well-being and prosperity depend on healthy ecosystems.

3.4. Holistic Vision of the Relationship Between Society and Environmentinterdependence of
Environmental and Human/Societal Health

The critical views on dominant growth paradigms, which also include sustainable
development and green growth, originate from the Limits to Growth model [56,57]. Made
fifty years ago, but still prominent today, Limits to Growth analyses the world economy’s
environmental relations and the ability of technology to decouple economic growth from
ecological collapse [31]. While the Limits to Growth reflected the rise to international
prominence of environmental issues in the 1970s with the Stockholm Conference on the
Human Environment and the United Nations Environmental Programme, contemporary
urban planning opened the ideas of post-growth [31,58] and degrowth [59-62] to address
eco-social transition and climate emergency. The alternatives to the growth paradigm
are also asked by the planetary boundary framework, introduced in 2009, that aims to
define the environmental limits within which humanity can safely operate [63-65]. In
the current situation, where the Earth is already well outside the safe operating space for
humanity [66], the achievement of global sustainability will largely be determined by cities
as drivers of culture, economy, material use, and waste generation [67,68]. The planetary
boundaries concept has profoundly changed the vocabulary and representation of global
environmental issues by introducing societal boundaries [69], ecological democracy [70],
and environmental justice [71]. Strategies to improve both socio-economic and biophysical
systems equally, with a focus on sufficiency and equity, have the potential to advance
global sustainability and achieve a good life for all within planetary boundaries [72]. Going
beyond sustainable development and green growth towards post-growth and degrowth,
acknowledge interdependence and mutual creation of healthy environments and healthy
societies within planetary boundaries.

A pioneer of critical complexity theory, Edgar Morin [73], stated, ‘"Humanity cannot
be explained without culture, but culture cannot be explained without nature’, effectively
summarising a holistic vision of the relationship between man and the environment. This
perspective transcends classical dualisms, inviting us to view the world through a complex
and interrelated lens, where nature and culture continually interact. From the 1972 Stock-
holm Conference on the Human Environment, which attempted to lay the foundations for
a holistic vision in future European environmental policies, it was not until 2015, with the
United Nations 2030 Agenda, that this vision materialised. The evolution of European en-
vironmental policies shifts from a separatist vision of humanity and nature to a sustainable
and holistic perspective. Still, the historical separation between the environment and urban
areas continues to influence the way policies are implemented, especially in medium-sized
and small cities. Although the relationship between environmental policies and their im-
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plementation in urban planning and design practices has evolved in a non-linear manner,
the shifting environmental paradigms have influenced the way urban and peri-urban
spaces are shaped and developed. Contemporary approaches increasingly emphasise the
integration of environmental protection and sustainable development, promoting a holistic
vision that links ecological integrity with human health and well-being. In this context,
the health synergy of ecological and societal networks, which continuously influence one
another and co-evolve with urban environments, is conceptually reinforced and further
examined through the One Health framework.

4. Designing Healthy Cities with Healthy Habits: A One Health Model
Grounded in Four Evolutionary Pillars

The Healthy Habits (HH) approach represents an evidence-based preventive health
framework grounded in the One Health paradigm and structured around four interde-
pendent evolutionary pillars: physiology, psycho-relational well-being, nutrition, and
environment. Conceived to monitor and enhance core daily practices as a means to enable
effective primary prevention, these four pillars originate from the conceptual foundation
of the Healthy Habits (HH) approach. This evidence-based framework has been empiri-
cally validated through real-world applications in schools, workplaces, and communities.
Rooted in epigenetic and preventive health science [74], the HH model aligns fully with
the One Health strategy by integrating biological, social, and ecological determinants of
well-being.

The Four Pillars of Human Evolution (Figure 2, Table 4) represent the systemic archi-
tecture of the HH framework, where physiology, psycho-relational well-being, nutrition,
and environment function as interconnected feedback systems maintaining internal and
external balance. The circular composition symbolises the co-evolution between biological,
social, and ecological processes that sustain life and health as a dynamic equilibrium.

THE 4 PILLARS

human evolution

INTERNAL
CHEMISTRY
IN BALANCE,

EFFICIENT
LONGEVITY

AND MAXIMUM
PREVENTIVE
POTENTIAL

AND US WITH OTHERS Q{21111 | (aTI5{TNS Us AND THE ENVIRONMENT

Figure 2. The Four Pillars of Human Evolution representing the Healthy Habits framework.
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Table 4. Structural Matrix: “The Four Pillars of Human Evolution”.

Urban Design

Pillar Main Focus Levers Health Mechanism  Expected Indicator
Higher secretion of
. Walkéble pat}.nfvays, well-being-related % residents within
Physiology Physical movement, active mobility, hormones and lower 300 m of green
rest, body respect sleep-friendly stress hormone routes/spaces
housing levels.
Public benches,

Psycho-relational

Emotional and social

shaded areas,

Oxytocin-mediated
social bonding,

J Loneliness index;
1 social cohesion

well-being co-de§1gned reduced stress score
community spaces
Improved gut
Food quality and Urban gardens, microbiota, reduced % households
Nutrition acc(e}ssibil}i, ¢ farmers’ markets, NCD (Non- < 800 m from
y edible landscapes Communicable fresh-food source
Diseases)risk
Tree canopy, .
. Natural and built biodiversity Lower endocrine Urban Calr)lopy
Environment . . . - disruptors, reduced cover %;
surroundings corridors, biophilic infl . : oC
design intflammation. surface temp A

1 =Reducing, 1 = Increasing.

Each of the evolutionary pillars (Figure 2) can be translated into an operational frame-
work (Table 4), by linking each evolutionary pillar to specific urban-design levers, health
mechanisms, and measurable indicators. Establishment of these connections reinforces the
empirical foundation of the Healthy Habits approach and illustrates how the four pillars
can be practically applied within One Health-oriented urban planning.

Rather than addressing individual behaviour change in isolation, HH promotes the
ecological redesign of everyday environments—homes, schools, workplaces, and cities—to
foster health across biological, psychological, and social domains [74]. Epigenetic research
confirms that lifestyle and environmental factors can modulate gene expression, thereby
influencing disease risk, systemic inflammation, and homeostatic balance throughout the
life course [74].

‘The Line of Life’ (Figure 3) as a longitudinal trajectory of human functionality and
vitality, shows how everyday habits can progressively influence health outcomes across
the life course. The concept visually captures the dynamic balance between positive
and negative lifestyle patterns and their cumulative biological, psychological, and social
effects. The main environmental and behavioural determinants that shape the upward or
downward trajectories in the ‘Line of Life’ (Table 5) are linked to measurable outcomes
in health and well-being, illustrating how positive and negative feedback loops influence
human functionality over time. These provide a practical interpretation of how daily habits
interact with environmental quality, nutrition, social relations, and physiology to determine
long-term public health trends. Together, these relations establish the systemic basis of the
HH framework, from which the ‘Line of Life’ (Figure 3) develops the dynamic dimension
of human vitality and its evolution over time.
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HEALTHYHABITS"

THE LINE OF LIFE

BODY RESPECT.

PEACEFUL SOCIAL
RELA’[ ONSH IPS

POLLUTION

HABITS DECIDE THE DIRECTION

Figure 3. "The Line of Life’ illustrates that the upward curve corresponds to balanced routines that
generate energy, joy, and longevity, whereas the downward curve depicts the cumulative effects of
unhealthy behaviours such as a sedentary lifestyle, stress, and poor nutrition.

Table 5. Interpretive Matrix: “The Line of Life” Infographic.

. Healthy Trajectory Unhealthy Trajectory
Determinant (Positive Feedback) (Negative Feedback) Expected Outcome
Access to clean air, water, . T Increasing public health,
. . 1 L Exposure to pollution and A
Environmental quality and biodiversity-rich d . 1 Oxidative stress and

egraded environments . .

spaces low-grade inflammation
Fresh, minimally processed  Processed food, and ultra 1 Metabolic balance,
Nutrition food; biodiversity in diet processed excessive | Inflammation,

rich in vegetal food. sugar/fat intake overweight, and obesity.

1 Joy, Eudaimonia,
J Loneliness,
J Depression

Peaceful, supportive Isolation, conflict, lack of

Social relations . : .
interactions cohesion

Regular movement and
respect for body rhythms.

1 Functional capacity,

Sedentary behaviour | Mortality

Physiology

1 =Reducing, 1 = Increasing.

Collectively, these insights (Figure 3 and Table 5) provide a dynamic interpretation of
how the four pillars interact within real contexts, linking daily behaviours to measurable
health outcomes. The case study from the Republic of San Marino exemplifies how the
HH framework can be effectively implemented at a systemic level through coordinated
educational and environmental interventions. A real-world application of the HH model
was implemented in all public primary schools in the Republic of San Marino during the
2022-2023 academic year. Coordinated by the national health and education authorities,
the programme reached 13 school sites through a structured seven-month intervention.
Key components included 40 h of teacher training, experiential activities for children,
weekly multimedia content for families, environmental redesign (such as green spaces and
movement zones), and co-created school routines.
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Initial qualitative assessments—gathered through structured questionnaires and direct
observation—revealed notable behavioural shifts: increased outdoor play, better breakfast
quality, reduced intake of processed foods, and greater emotional awareness. As empha-
sised by Dr. Arianna Scarpellini, Principal Primary School, “the most important result was
that children themselves became the drivers of change at home” [75].

Quantitative validation came from the 2023 national application of the OKkio alla
Salute surveillance system, following WHO-COSI protocols. The results, based on 100%
coverage of third-grade students, revealed a decrease in obesity prevalence from 7.7%
to 5.3%, and in overall excess weight (including overweight and obesity) from 30.3%
to 20.8% compared to the previous cycle [76]. Notably, the WHO Europe COSI Round
6 Report ([77], p- 42) identified San Marino as the only participating country to have
registered a statistically significant reduction in childhood obesity among boys between
Rounds 5 and 6.

Although causality cannot be formally established due to the lack of a control group,
the convergence of programme coverage, absence of other interventions, and alignment
with behaviour change theory support interpretation as a “natural experiment” [77,78].
The San Marino case illustrates how system-level health improvements can occur within a
short timeframe when environments are designed to align with human biology, emotions,
and habit formation.

This experience resonates with major policy frameworks, such as the European Green
Deal and the EU Nature Restoration Law, which call for the integration of biodiversity,
health promotion, and social equity into urban design. The HH approach—through light,
low-cost interventions—provides a practical, evidence-based pathway to advance these
goals in both cities and schools.

Further scientific validation of the HH pillars comes from a landmark study con-
ducted by the Harvard T.H. Chan School of Public Health, which built upon two exten-
sive studies spanning multiple decades: the Nurses” Health Study (n = 78,865) and the
Health Professionals Follow-up Study (n = 44,354). Researchers identified five key healthy
behaviours—non-smoking, normal BMI, regular physical activity, moderate alcohol in-
take, and a healthy diet—as predictors of longevity. At age 50, women who followed all
five behaviours lived 14 years longer, and men 12 years longer, than those who followed
none [79-81]. Taken together, these findings reinforce the HH approach as a scientifically
grounded, scalable, and policy-relevant framework for embedding health into the daily
lives of children, families, and communities.

4.1. The First Pillar: Physiology

Physical activity can be either spontaneous or organised, and is generally categorised
into three or four types, each producing distinct but equally beneficial outcomes. These
benefits are particularly relevant for promoting the future health of both children and older
adults, as they help to support healthy development and active ageing.

Some activities are indicated, for example, to improve muscle trophism, others for
cardiovascular health, and still others for flexibility and balance. Facilitating the practice
of these activities is possible. Behavioural economics shows us the way through the wise
use of various ‘gentle nudges’. The Nudge theory [82], which won Richard Thaler the
Nobel Prize, demonstrates how much more effective it is to stimulate healthy habits by
preparing the context correctly than to try to convince through teachings or prohibitions.
Finding equipped parks within walking distance from home, where we can do simple
gymnastic exercises or having paths in the green where we can walk safely are two simple
but effective interventions to increase the likelihood of practicing physical activity.
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Another essential element for our physiology is to create the best conditions for a
restful night’s sleep at home. A lack of sleep or its poor quality is, in fact, conducive to
an increase in chronic silent inflammation [83-85], a significant enemy of human health.
Resting in the dark, in silence, and without a substantial presence of disturbing elements
(such as alarm clock radios or mobile phones kept charging on the bedside table) facilitates
better rest with regenerative capacities and its decisive anti-inflammatory action.

4.2. The Second Pillar: Psycho-Relational Well-Being

The relevance of psycho-relational well-being has become a more recent focus within
scientific research; nevertheless, the literature is continually expanding with new studies
that underscore its critical role in supporting human health. After all, the importance of
relationships and their role within society had already emerged as a common factor even
in the famous ‘blue zones of the world’, the areas where the highest levels of longevity
are reached. Feeling accepted, loved, and valued plays a crucial role in maintaining
good health. The Harvard Grant Study;, initiated in 1938 [86], also confirmed that stable
emotional relationships are the primary determinant of human happiness and correlated
with healthy longevity.

Designing urban spaces to foster social interaction among older adults can significantly
support healthy ageing. Features like benches, tables, and shaded areas enable people to
meet, converse, play cards, and engage in light physical activities. When coordinated by
trained staff, these spaces encourage consistent participation and strengthen community
ties. Structured social engagement has been shown to have numerous health benefits
for seniors.

A case is the Frome Medical Practice in England, which adopted an integrated model
of enhanced primary care and community support. By combining medical care with social
prescribing and community-building initiatives, the programme achieved a 17% reduction
in emergency hospital admissions within one year [87]. This highlights the preventive
value of socially inclusive urban design, particularly when integrated with coordinated
health and community strategies.

Strong social relationships also correlate with lower rates of depression and premature
death. As social beings, isolation can be deadly—loneliness is a key predictor of early
mortality [88,89]. Keeping older adults connected is a public health imperative. Equally
essential to physiological well-being is creating optimal conditions for sleep at home.
Poor or insufficient sleep is associated with increased chronic, low-grade inflammation, a
driver of many non-communicable diseases and a significant public health concern [84].
Restorative sleep is promoted by limiting nighttime disturbances. Darkness, silence, and
avoiding devices like phones or alarm clocks near the bed can all improve sleep quality.
In turn, better sleep supports the body’s regenerative and anti-inflammatory functions,
contributing to long-term health and disease prevention.

4.3. The Third Pillar: Nutrition

Nutrition is a key determinant of health across the life course, with both undernutrition
and overnutrition contributing to disease burden. Since the mid-20th century, dietary
quality has declined amid the rise of processed and ultra-processed foods, which are
high in sugar, salt, and artificial additives. At the same time, access to fresh and diverse
foods has become increasingly limited, especially in large metropolitan areas, contributing
to reduced dietary biodiversity and weakened gut microbiota—factors closely linked to
immune function.

Urban food environments—the physical, social, and economic settings in which people
acquire and consume food—are powerful levers for dietary transformation. Municipalities
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can take a proactive role by: supporting farmers’ markets and km-0 outlets; developing
community gardens and edible landscapes; planting fruit trees in public areas; facilitating
solidarity-based purchasing groups (e.g., GAS (Solidarity-based Purchasing Groups—from
the Italian “Gruppi di Acquisto Solidale”), coops, short supply chains). In addition, dedi-
cated food education zones—such as the “Maestri di Bottega” programme in Italy’s Marche
region—can combine retail access with nutritional education and biodiversity awareness.
These approaches not only improve access to nutritious foods but also empower consumers
to value imperfection, recognise the nutritional value of non-standard produce, and reduce
food waste.

Finally, nutrition plays a fundamental role in modulating chronic low-grade inflam-
mation, a biological mechanism shared across numerous non-communicable diseases [38].
Promoting food literacy and equitable access to healthy food is a public health priority
with long-term impact.

4.4. The Fourth Pillar: The Environment

The physical environment—understood as the ensemble of buildings, their colours,
their level of maintenance and care, the layout of streets, and the presence of greenery—can
significantly influence our hormonal system and overall well-being. Scientific re-
search shows, for example, that living in cities with abundant green spaces allows our
telomeres—segments of DNA that serve as accurate biosensors of cellular ageing—to
shorten at a slower rate, which corresponds to slower biological ageing [90].

However, there is growing evidence confirming the importance of greenery for human
health. Trees absorb pollutants, filter the air, and provide cooling—three essential functions
for public well-being [91]. They also serve as barriers against noise, purify the air by
capturing various pollutants, including hazardous fine particulate matter (PM10 and
PM2.5), and provide shade, which helps moderate temperatures. This is particularly
beneficial for vulnerable populations who are more affected by urban heat islands, where
paved surfaces can reach temperatures as high as 40-50 °C, compared to the 20 °C typical
of vegetated areas.

The benefits of living in close contact with nature, however, extend far beyond these as-
pects. Coniferous trees such as pines and firs—as well as ferns, shrubs, and grasses—release
volatile organic compounds known as terpenes. These substances have been shown to
exert calming effects on the human nervous system by reducing levels of stress hormones
such as cortisol. In fact, this mechanism has been formally recognised in some countries
as a health intervention under national healthcare systems, through practices like forest
therapy [90,92].

Furthermore, the presence of urban greenery has been consistently associated with
increased happiness among citizens. A systematic review of over 57 studies conducted
between 2013 and 2023 across 21 countries confirmed this association, although with some
regional variations—particularly in South American contexts [93].

Living in close contact with nature—or within 300 to 500 metres of green parks—is
associated with a reduction in all-cause mortality by approximately 4% to 7%, as demon-
strated by a meta-analysis of cohort studies [94]. Notably, a study by James et al. [95] found
a 41% lower mortality rate from kidney disease among women residing in areas with the
highest levels of green vegetation.

The explanation for this seemingly remarkable phenomenon is multifactorial, involv-
ing all four pillars and their dynamic interactions. The presence of green spaces and natural
environments encourages people to leave their homes, breathe higher-quality air—which is
often difficult to achieve indoors—and spend time exposed to direct sunlight. This exposure
is essential for activating some vital biological processes, including the evening production
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of melatonin (which supports restful sleep) and the synthesis of vitamin D, a nutrient
essential not only for bone health but also as a potent modulator of immune function.

Moreover, green environments naturally promote spontaneous physical activity (phys-
iological pillar). Individuals who engage in regular physical activity are more likely to
adopt healthier eating habits (nutritional pillar) [96], cultivate stronger social relationships
(psycho-relational pillar) [97], and exhibit a lower incidence of self-harming behaviours
such as smoking, alcohol abuse, or drug use (psycho-social pillar) [98].

For these reasons, incorporating natural elements into the built environment—such as
homes, schools, workplaces, and public buildings—represents a strategic approach to pro-
moting physical and mental well-being. When thoughtfully implemented, biophilic design
principles—including the use of natural materials, colours, and light—have been shown
to replicate many of the health benefits associated with direct contact with nature [99].
Similarly, regular exposure to artistic expressions and aesthetically rich environments has
been linked to improved emotional regulation, reduced stress, and enhanced overall health
and well-being [100].

4.5. Implementation Challenges and Considerations

While the Healthy Habits (HH) approach offers a transdisciplinary framework appli-
cable across scales—from schools to cities—its implementation is shaped by contextual
variables such as urban density, cultural norms, socio-economic disparities, and infras-
tructural capacity. In dense metropolitan areas, opportunities for environmental redesign
may be spatially constrained, requiring interventions within micro-environments such
as rooftops, courtyards, and mobility corridors. Conversely, in smaller or low-density
cities, where access to open space is greater, the primary challenge lies in sustaining social
engagement and community participation over time.

Structural inequalities in access to green areas, healthy food, and safe mobility infras-
tructure persist, particularly in disadvantaged neighbourhoods. Furthermore, the effective
integration of health, urban planning, and environmental policy is often hindered by insti-
tutional fragmentation and siloed governance. Cultural variability and limited financial
resources may also affect the scalability and long-term adoption of HH-based interventions.

Recognising these constraints is essential to ensure both the equity and scientific
robustness of the model. Integrating the HH framework into urban planning—through
its four evolutionary pillars of physiology, psycho-relational well-being, nutrition, and
environment—should therefore be seen not as an academic abstraction but as a strategic
investment in preventive public health, capable of reducing the burden of chronic diseases
and enhancing the overall quality of life in urban populations.

In this perspective, integrating the Healthy Habits approach into urban planning,
grounded in the four evolutionary pillars of physiology, psycho-relational well-being,
nutrition, and environment, should not be regarded as a merely academic exercise. Instead,
it constitutes a forward-looking investment in public health prevention, with the potential to
reduce the burden of chronic diseases and enhance the quality of life in urban populations.

5. Urban Systems and Social Interaction for Healthy Cities: The
Outdoors Generating Healthy Social Networks

Over time, various paradigms in urban sociology have focused on the relationship
between cities and the environment. In the social sciences, environmental issues have
become increasingly important; however, questions related to the relationship between
the environment and society are not yet fully incorporated into specific fields of research.
The concept of networks is also key to studies of cities and territories and has formed the
basis for efforts to model urban systems. This contribution aims to demonstrate that urban
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health is not an isolated policy objective, but a systemic property that emerges from the
quality of interactions between people, environments, and institutions. In this perspective,
the frameworks of Healthy Cities, social capital, and behavioural nudging converge toward
a shared goal: the cultivation of preventive, self-regulating, and socially cohesive urban
systems. The Healthy Habits (HH) approach provides a connective logic across these
frameworks, translating them into operational levers for governance and design.

5.1. Complexity Theories and the Reticular Paradigm Between Social and Biophysical Ecosystems

Systems theory, especially in its sociological evolution proposed by Luhmann [101],
together with theoretical and epistemological contributions from diverse fields (mathe-
matics, physics, biology) and authors such as Edgar Morin [73], have shaped the so-called
complexity sciences, which in the field of urban and territorial disciplines have inspired
Complexity Theories of the City. The central idea of these new approaches is that urban
systems are highly complex due to several factors: the multiplicity of actors involved in
decision-making; the multidimensional nature of cities (system of economic exchanges,
social behaviour, energy flows, etc.); their multi-level nature (from neighbourhood micro-
spaces to metropolitan complexes and urban regions). According to this paradigm, cities
are systems in constant imbalance due to the flows to which they are permanently subjected,
and this approach seeks to identify the modes of self-organisation, the internal processes of
the system, capable of generating order and cohesion from the chaos of behaviour. Recent
systemic visions, in fact, distance themselves from the idea that it is possible to control the
entire framework of variables that govern urban dynamics through external regulation
(such as comprehensive planning), in favour of an adaptive-evolutionary vision. We must
confidently identify the endogenous factors of self-organisation that urban planning can as-
sist and catalyse through a synergistic interplay of top-down (proposed by institutions) and
bottom-up (initiatives arising autonomously in sectors of society) processes, maintaining
close contact with the physical and natural sciences [102].

Studies based more specifically on a network conception of urbanism focus on social
networks, in which a complex set of actors or spatial units connect, establishing relation-
ships of various kinds. These properties can be studied through specific mathematical
formalisms. The reticular paradigm, in general, is an effective tool for understanding
many aspects and processes of contemporary societies [103]. Even the concentration in
large urban agglomerations must be interpreted as an expansion of networks that connect
specific types of places in different regions: the main activities are networked according to
their needs, and at the same time, many parts of cities, even “global” ones, live a local life
in their own neighbourhoods. However, the use of a network-centred conception of the
city leads us to address the broader issue of the relationship between networks themselves.

The contribution we wish to make in this regard is to introduce the importance of
including ecological and natural networks in these reflections, both in the dynamics of
the development of social relations themselves and in the mutual interaction between
the quality of human life and the quality of the environment and biodiversity: social
integration and participatory processes are essential for equitable access to green spaces and
for maximising their health benefits. The integration of sociological theory—particularly
the works of Giddens on structuration and Lefebvre on the production of space—provides
interpretive depth to the HH framework. The idea of space as a social construct translates
into the co-design of micro-infrastructures that sustain daily routines of movement, rest,
and encounter. Similarly, reflexive modernity aligns with the HH emphasis on conscious
habit formation, where urban design serves as a behavioural nudge toward self-regulation
and collective care. Furthermore, we want to highlight the potential of this interaction
between humans and natural outdoor spaces as a generator of social networks for health.
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5.2. The City-Environment Co-Evolution to Increase Resilience and Quality of Life

In terms of urban design, the debate on aspects of relationship/interaction has always
had two strands: on the one hand, there are virtual relationships, which are increasingly
important, especially with the pervasive spread of social media, and on the other, there are
physical and sensory relationships. Concerning the latter, our reflection adds an aspect that
could prove decisive for a sustainable and desirable future of living: meaningful physical
relationships in urban areas are those located not only in traditional places (streets and
squares) or connections (airports, stations), but also in contiguous natural spaces that are
particularly relevant for the protection of biodiversity. Regarding the integration of design
and networks, several studies describe how community gardens and green spaces serve as
ecological and social nodes, supporting biodiversity and social cohesion.

Urbanisation processes are interdependent and co-evolve with the environment: social
and biophysical systems are both dynamic systems, whose modes of transformation depend
not only on principles internal to each of them but also on mutual relationships [104],
as already highlighted in the One Health approach. The concepts of ‘socio-ecological
systems’ [105] and ‘resilience’ [106,107] also point in this direction. Suppose we look at the
city as a socio-ecological system. In that case, its spatial dimension cannot be limited to
the compact area of the settlement. Still, it must also include less dense spaces, connected
by both social and environmental relationships. For this reason, it is necessary to consider
certain biophysical indicators (e.g., related to hydrography, geology, or the configuration
of ecosystems). The city-environment relationship is multiscale and requires increasing
attention not only to the physical form of settlements, but also to how space is used, social
practices, and the lifestyles of inhabitants [108]. In many social studies, great importance is
attached to the analysis of urban practices, by which we mean all those complexes of human
activities centred on the physical dimension of individuals, organised around shared fields
of practical meanings [109] (examples of shared urban practices include sports activities
in parks, gardening, walking the dog, and using bicycles as a means of transport). For
sociologists dealing with theories of shared urban practices within the sphere of everyday
life, a point of reference is De Certeau [110], who highlights how individuals can develop
creative tactics for using products, which translated into terms of urban space means
that ‘individuals are not simply consumers of an imposed ‘rational” architectural or urban
design; they are instead enunciators of their own spatial discourse” ([108], p. 290).

However, it seems interesting to also emphasise the thinking of Georg Simmel, ‘the
most contemporary of the classics’ ([111], p. 11), one of the leading figures of the Chicago
School. Simmel’s central insight is the universal interaction and interpenetration of all
phenomena, the effect of reciprocity or mutual action. Reality is a network of mutually
influential relationships between a plurality of elements, and the object of sociology is
the forms of mutually influential relationships between people. For Simmel [112], the
metropolis is the quintessence of modernity, characterised by a permanent crisis, an age in
which change becomes the norm, and where the spirit of the times is embodied, as well as
the forms of contemporary life and experience are revealed. In his analysis of experience,
the features of the objective world and everyday life correspond to a configuration of the
individual personality that is both its product and its prerequisite. And in this cornerstone
of Simmelian relativism/relationalism, according to which nothing in life exists without
being related to the rest, it is possible to introduce new considerations on the potential
and variations of the relationship between man and nature, and on the consequent possi-
bility of experiencing and practising ‘healthy networks’. This is the theme on which this
article focuses.
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5.3. Nudges for Triggering New Urban Practices and Healthy Social Networks

It is necessary to rethink landscapes, green infrastructure frameworks, and connec-
tions with Natura 2000 networks, and to listen to communities to identify values and
connections, as well as the intensity and types of relationships, to understand where inter-
ventions can be effective. It is necessary to define the conditions for coexistence, making
the coexistence of anthropogenic and protected natural systems viable and fertile, and
making it practicable by building networks and platforms that enable and empower social
dynamics and healthy urban practices. Nudges, or gentle pushes, can be a form of urban
and communicative action that promotes all of this. A nudge is a communicative act,
since it exploits the exact mechanisms as rhetoric, i.e., ‘shifting an opinion and pushing
towards a behaviour’ considering the cognitive, emotional and cultural characteristics of
the interlocutor [113]. Moreover, nudging implies ‘medium-sized gains for microscopic
investments’ ([114], p. 397): the former, translated into awareness of risks and/or envi-
ronmental and health issues of general interest, translate into an impact on the level of
collaboration between governments and communities, and on levels of territorial and social
sustainability [115] (e.g., the Mexican Women Empowerment/Forest Protection, a poster
dissemination via WhatsApp to encourage women’s participation in the management of
forest protection funds and projects; or the case of Galeria EL in Elblag, Poland, developed
by director Adriana Kotynska, who implemented a natural and organic solution to promote
social distancing during the COVID-19 pandemic, namely the creation of a checkerboard
effect generated by mowing the lawn). It is in the way we experience cities, islands, and
territories, and in the relationship between social and ecological systems, that the challenge
of a possible, desirable, and balanced future is played out. Nudges appear to be robust and
effective tools in triggering and consolidating sustainable awareness and practices (e.g.,
community gardens with signage that encourages interaction, apps that reward the use of
green spaces, and bench design that encourages conversations). Comparative experiences
also reinforce the transferability of Healthy Habits-oriented nudges and social design
strategies. In Copenhagen, behavioural insights have informed the redesign of school can-
teens and active-mobility corridors to promote healthier routines. Barcelona’s Superblocks
programme integrates environmental nudges by re-prioritising pedestrian space, reducing
noise and air pollution while stimulating social exchange. Similarly, in Portland (Oregon),
zoning reforms have coupled green infrastructure with social programming to strengthen
neighbourhood identity and participation.

The integration of environmental, behavioural, and social cues can generate virtuous
feedback across the health and ecological domains. By positioning nudges within a broader
ecosystem of social and spatial design, connections can be highlighted between micro-level
behavioural interventions and macro-level urban governance. The architects of choices,
who develop the nudges, can legitimately influence individuals” behaviour to make their
lives safer, longer, healthier and better [82], and therefore institutions, both public and
private, should consciously strive to improve the living conditions of citizens through their
choices: by encouraging, or “pushing”, healthy behaviours; by stimulating urban practices
connected to peri-urban ecological networks, and by designing natural and green spaces
within cities. The Healthy Habits approach thus acts as a translator between disciplines,
showing that material conditions and collective rituals and networks shape everyday
behavioural patterns. A healthy city is not the sum of discrete actions, but the outcome of
shared habits supported by spatial, institutional, and cultural infrastructures.

6. Discussion

The broader academic literature suggests that explicit connections between biodiver-
sity, social networks, and urban design began gaining significant attention in the mid-2000s,
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with foundational work in urban ecology and environmental psychology [116]. The con-
cept of “biophilic cities” [45], blue-green infrastructure, and ecosystem services in urban
planning gained prominence around 2008-2012 [117]. This corresponds to the transition
from an integrated to a systematic and holistic vision of human well-being and ecosystem
health, identified in the evolution of European environmental policies. The integration of
biodiversity considerations into urban health research has accelerated, particularly since
2015, coinciding with the UN Sustainable Development Goals [50] and increased recogni-
tion of nature-based solutions for urban challenges [118-121]. This rising interest in urban
socio-ecological networks and health is further confirmed by data from the Elicit scoping re-
view, which shows an increasing trend in research publications over time (years 2010-2014:
79 publications; 2015-2019: 161; 2020-2024: 209). The most recent period (2020-2024) has
the highest number of studies, reflecting a growing academic interest in urban design,
socio-ecological networks, and health interrelations.

The scoping review demonstrated the increasing integration of various methods in
urban design, including advanced measurement approaches [15,122] and sophisticated
assessments of green space quality [20,23]. An increased attention to climate-related factors
and environmental justice [12,21,123,124] is reflected in integrated planning for a healthy
city. The comprehensive perspective on urban socio-ecological health suggests that syn-
ergistic strategies among different approaches can generate significant benefits for the
quality of the environment and the quality of life of inhabitants. The evidence exam-
ined confirms that physical proximity to natural environments promotes physical activity,
reduces the risk of chronic diseases, and improves psychological well-being, while simulta-
neously creating habitats that support biodiversity. Frameworks such as One Health [13],
the Eight Dimensions framework [15], and Salutogenic urban design [24] illustrate that
when socio-ecological networks are integrated with well-planned urban structures, healthy
habits are reinforced. The One Health paradigm is identified as the principal integrative
framework that introduces a holistic approach and reflects the interrelation of human and
environmental health with urban design and socio-ecological networks (Figure 4). This
holistic vision is outlined in the comprehensive European Green Deal strategy [51] and the
United Nations” 2030 Agenda [50]. These instruments promote an urban planning model
in which human quality of life is inextricably linked to the health of ecosystems. Despite
the progress made, a certain discontinuity persists between political vision and urban
planning practice, indicating that the full implementation of the holistic vision still requires
further efforts to integrate environmental policies with spatial planning. Therefore, the
health-oriented urban design must go beyond traditional planning paradigms and tools,
adopting flexible, relational, and transdisciplinary approaches to address the challenges
posed by contemporary times.

The scoping review of health outcomes for urban planning and design extends beyond
physical activity to include broader well-being measures [12,19,24], social involvement, and
community engagement [11,20,117], introducing more nuanced health measures (self-rated
health and dietary outcomes, sleep patterns, screen time, loneliness) and health-related
quality of life measures [116,125]. The thematic review confirms the Healthy Habits ap-
proach as a cross-cutting determinant of public health within the One Health paradigm.
It introduces the Healthy Habits approach as a conceptual and operational model for
embedding One Health principles into urban design. The Healthy Habits approach intro-
duces an original contribution to urban health theory by integrating behavioural science,
evolutionary physiology, and environmental design into a single operational paradigm. It
reframes health not as a static condition but as a dynamic equilibrium maintained through
continuous interaction among the four evolutionary pillars—physiology, psycho-relational
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well-being, nutrition, and environment. While the potential of the HH approach lies in its
integrative capacity, its application is not exempt from contradictions and trade-offs.

HEALTHY HABITS

Public Health

.............................................................................................

Figure 4. Integration of urban design, Healthy Habits, and socio-ecological networks in the One
Health framework for resilient, sustainable, and inclusive cities.

In the thematic review, the application of behavioural insights, particularly nudges,
emerges as a cost-effective way to influence lifestyle choices and encourage sustainable
practices without resorting to coercion. Urban and communication nudges [82,114] are
proposed as the most effective tools for activating and strengthening socio-ecological
health networks. Cities become the spaces of flows (economic, cultural, political, and
informational) and society becomes a networked system, composed of nodes and relation-
ships. In this sense, interrelationships play a fundamental role: social networks and the
urban space of networks influence each other. The inclusion of ecological networks in this
co-generation system, along with the use of nudges (urban, green, and digital) to foster
healthy behaviours and achieve overall well-being, can contribute to the creation of healthy
social networks. Nonetheless, translating these insights into urban planning requires
overcoming institutional silos and strengthening collaboration among public health, envi-
ronmental management, urban design, and public policy sectors. The findings highlight
self-organisation, bottom—up initiatives, and the role of open spaces as relational spaces
that can become decisive in fostering social cohesion and resilience. The importance of
community participation in urban design development fosters healthy social relationships
and networks, serving communities and promoting human health, especially when it is
intertwined with natural and ecological networks.

In the scoping review, the need for inclusive and accessible urban design is empha-
sised by setting a greater attention on vulnerable populations, including children and older
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adults [12,24,126] and minority populations [11,116]. In general, the research evolved from
basic walkability and access measures in the early period to sophisticated, multi-dimensional
assessments of urban design impacts on comprehensive health and well-being outcomes,
with increasing attention to justice, equity, and climate considerations [21,123,124] in the most
recent period. The transformation of urban environments toward healthier and greener stan-
dards opens possibilities for inadvertently triggering processes of eco-gentrification, where an
improved quality of life leads to rising property values and social displacement. Similarly,
resource constraints and administrative inertia can slow the institutional adoption of preven-
tive health paradigms. Recognising these tensions is crucial to avoid an idealised vision of
the healthy city and to promote adaptive, context-sensitive policies that balance ambition
with equity.

Through this process of exploration and synthesis of different fields of study, the
difficulty in establishing a comparison with the current state of the art in urban planning
practice has been identified, while simultaneously highlighting the possibility of opening
new paths of exploration in the fields of further research. Equity and inclusivity represent
critical dimensions in translating the HH approach into practice. Ensuring that vulnera-
ble populations—such as children, the elderly, and low-income residents—benefit from
healthy environments requires deliberate policy design. Inclusive participation processes,
gender-sensitive data collection, and redistributive resource allocation are key to preventing
the concentration of health-promoting infrastructures in privileged areas. By embedding
social justice into urban health governance, the HH approach reinforces the ethical and
preventive foundations of the healthy city, transforming One Health principles into action-
able design and policy strategies that connect human well-being, ecosystem health, and
collective resilience.

7. Conclusions

This paper highlights the need to rethink cities as living systems in which human
and ecological health are interdependent. With European environmental policies and
the One Health approach, the integration of social and ecological networks can guide
adaptive, inclusive, and resilient urban design. In this sense, the role of social networks,
shared practices, and nudges is analysed, understood as tools to catalyse sustainable
urban habits and inclusive governance. The outputs of the literature review suggest that
integrating natural systems into urban environments, promoting health-oriented practices,
and using behavioural insights can improve public health outcomes, social well-being, and
ecological balance.

The results indicate that well-managed urban green spaces, designed with attention
to their physical, social, nutritional, and environmental dimensions, can act as catalysts
for both improving public health and strengthening biodiversity. Policy frameworks, such
as the European Green Deal and the Nature Restoration Law, provide a widely shared
strategic foundation. Still, their success depends exclusively on translating these strategies
into projects whose impacts can be measured and evaluated.

In this broader perspective, the Healthy Habits (HH) approach offers a novel and
operational contribution by translating preventive health principles into a design-oriented
paradigm that connects behavioural, ecological, and social dimensions within the One
Health framework. By doing so, it redefines the city not only as a space for living but as
an ecosystem of health, where everyday habits, social relationships, and environmental
design collectively generate resilience and sustainable well-being.

In conclusion, the different arguments supporting the necessary interaction between
different approaches could open new avenues of research toward adopting integrated
indicators (capable of considering health, ecological quality, and social vitality). Future
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research should focus on developing measurable indicators capable of precisely assessing
the benefits derived from various combinations of factors that affect short-, medium-, and
long-term impacts on human well-being and ecosystem health. In this way, indicators can
guide decision-makers in creating urban environments that are not only more liveable for
people, but also more supportive of the natural systems on which they depend. Future
research should also explore longitudinal and cross-city comparative studies to measure
the long-term health and social outcomes of One Health interventions. The integration of
digital data (e.g., mobility traces, participatory sensing) with epidemiological indicators
could also advance the model’s predictive capacity. Such evidence would strengthen the
link between experimental design approaches and systemic evaluation frameworks, paving
the way for adaptive urban health policies.
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The following abbreviations are used in this manuscript:

GAS Solidarity-based Purchasing Groups (from the Italian “Gruppi di Acquisto Solidale”)
EAP Environmental Action Programmes

EU European Union

MAB Man and Biospehere Programme, UNESCO

NBS Natural based solutions

NCD Non-Communicable Diseases

UN United Nations

UNESCO  United Nations Educational, Scientific, and Cultural Organization
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Abstract

Natural disasters have various adverse effects on human lives, making it challenging for
authorities to manage post-disaster situations with limited resources. Due to the extreme
extent of the damage, the huge amount of resources needed to restore life to normality
makes such a situation challenging. For this purpose, different methodologies have been
proposed to effectively handle these types of situations. All these methodologies consider
different aspects of the post-earthquake context, taking into account core parameters such
as the time and cost required for reconstruction, as well as the people directly affected
by the earthquake. In this paper, we conduct a Systematic Literature Review (SLR) of
various state-of-the-art techniques proposed for different phases of post-earthquake sit-
uations, specifically for reconstruction planning with sustainability considerations. All
these proposed solutions are differentiated on the basis of input data, parameters, and
type of solutions (data sciences, civil engineering, socio-economics, and modelling). The
time range chosen to filter out relevant studies is between 2000 and 2025. Eventually, we
reviewed 55 related articles out of 47,539 analysed from seven different digital libraries. The
findings of this SLR reveal that optimization and simulation-based approaches dominate
the current research landscape, with a growing trend toward data-driven and Al-assisted
reconstruction planning. However, only a few studies focus on integrating socio-economic,
environmental, and physical infrastructure aspects, which represents a major research
gap. These findings provide insights that can guide future researchers in designing more
comprehensive frameworks to improve post-earthquake reconstruction in a sustainable
manner by prioritising economic, social, and environmental infrastructures, as well as
facilities for affected individuals, thereby utilising available resources more effectively.

Keywords: decision-support system; natural disaster; social benefits; physical dependencies;
city reconstruction planning

1. Introduction

In recent years, numerous natural disasters have been reported, severely affecting
various locations all over the world [1]. According to an estimate, the damage cost due
to natural disasters was approximately USD 67 billion per year in the last decade [2].
The ratio of economic loss due to these disasters has increased 14 times since 1950 [1].
In addition, these disasters have not only impacted the economy, but, more importantly,
thousands of people have also lost their lives. From 1994 to 2003, almost 54,000 people

Sustainability 2025, 17, 10035 https://doi.org/10.3390/su172210035
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lost their lives in different kinds of natural disasters. According to a 2003 survey, at least
one person out of 25 was affected by natural disasters [3]. The United Nations Office for
Disaster Risk Reduction (UNISDR) also presented a report on different types of disasters
in the last two decades [4]. UNISDR statistics show that most of these disasters occur
in developing countries compared to developed countries. For example, in August 2002,
a drought occurred in China, while in December 2004, a tsunami affected millions of
people in Indonesia, Sri Lanka, Malaysia, and nearby countries. In October 2010, a massive
earthquake occurred in Pakistan, and also in May 2008, the same kind of earthquake
occurred in China. Concerningly, these massive natural disasters are happening more
frequently in recent years, mainly due to climate change [5].

According to the UNISDR report, among all these disasters, 44% were due to floods,
28% storms, 8% earthquakes, 6% extreme temperatures, 5% landslides, 5% droughts, 3%
wildfires, 1% volcanic activities, and <1% mass movements [6]. Subsequently, the economic
loss and the loss of human lives are extremely significant, as shown in Figure 1, which
shows the global economic and humanitarian impact of natural disasters from the years
2000 to 2019, as by data reported in [7].
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Figure 1. Global statistics on the economic and humanitarian impact of natural disasters between
2000 and 2019 [8].

Recovery of damaged infrastructure in case of a natural disaster is time-consuming
and costly due to the requirement of resources such as material, labour force, cost, and
time, among others [9]. For example, the disaster caused by Hurricane Katrina in 2005
required five years of recovery and one billion dollars in completion costs [10]. Similarly,
in the Hyogoken-Nanbu earthquake in Japan, it took 20 months only to reconstruct the
highway [11]. Given the impact that natural disasters cause, authorities must make quick
and efficient decisions to overcome disaster situations as soon as possible [12]. Additionally,
the extended restoration time can have a significant impact on the local community, both
socially and economically. For this purpose, substantial resource management is required,
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including budget allocation and time management. Post-disaster recovery plans have been
proposed to address these challenges [13].

The post-disaster recovery plan is defined by [14] as a “complex multidimensional long-
term process that involves planning, financing, decision making, and reconstruction”. According
to the United Nations Development Program (UNDP), the post-disaster recovery phase is
divided into four sub-phases [15]: relief, early recovery, recovery, and development. Relief gives
priority to saving people’s lives with the help of search and rescue (SAR) operations [16];
the early recovery phase consists of rehabilitation of roads and identification of damage
buildings [16]; recovery has the goal of restoring basic services and starting reconstruction of
buildings including roads by considering social relationship of effected communities [16];
development focuses on strengthening the economy and improving quality of life [16].

Public decision-makers, including politicians, public servants, and citizens, frequently
face challenges when developing a comprehensive recovery and reconstruction plan. Re-
covery plans must address all formal and informal requirements of the affected area as
quickly as possible [17]. They must also consider the needs of the local community, the
vulnerability of buildings, the budget, and the time required to complete the plan. Addition-
ally, decision-makers should ensure that the reconstruction effort enhances the resilience of
both physical infrastructure and communities by taking into account stability factors to
cope with future disasters.

The post-disaster recovery (PDR) phase encompasses three key components: goal,
phase, and process [18]. Each of these components is crucial for the long-term reconstruction
of infrastructure. According to the World Bank [19], “Post Disaster Reconstruction begins
with a series of decisions that must be made almost immediately. Despite the urgency of
these decisions, they have long-term impacts, altering the lives of those affected by disaster
for years to come.” Moreover, inadequate post-disaster recovery often results in ongoing
issues such as vulnerability and instability, a reality observed in many countries that have
experienced disasters but failed to implement a proper recovery process [20].

While the PDR stage is critical, it still lacks a comprehensive definition that includes
detailed objectives, characteristics, and content [21]. It is also known by other terms,
including Post Disaster Recovery [22], Post Disaster Rebuilding [23], and Post Disaster
Redevelopment [24]. Although these terminologies differ, no thorough mapping study
has yet been conducted to clarify the distinctions between these concepts. Nevertheless,
the ultimate aim of all these terms is to restore households, infrastructure, businesses, and
government activities to their pre-disaster “normal” levels.

Despite growing research on post-disaster reconstruction, key challenges persist in the
literature. Recovery planning remains a complex, multidimensional process, with incon-
sistent definitions and limited integration of economic, social, and infrastructure factors.
Most approaches inadequately address resource constraints, lack real-world validation,
and rarely connect reconstruction efforts to sustainability or resilience goals. Additionally,
the fragmentation across disciplines limits comprehensive solutions. These gaps motivate
our study to systematically map existing approaches those highlight post-disaster recon-
struction planning in urban areas, specifically focusing on earthquakes and the application
of data science methods. By “data science approaches,” we refer to mathematical tech-
niques, including operational research and optimization models, computational models,
and advanced solutions such as machine learning.

The mapping study provides an overview of the current state-of-the-art solutions for
these issues, detailing the proposed methods and the characteristics of the data science
techniques applied to post-disaster reconstruction planning. Through this study, we aim to
highlight the limitations of the existing solutions and identify current research gaps that
can inform future work [25].
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Given the complexity of this problem, we intend to classify the current literature on
reconstruction planning techniques after natural disasters more effectively. This paper aims
to uncover gaps in the research and summarize improvements across various proposed
techniques to better prepare for future natural disasters.

Additionally, our goal in this mapping study is to investigate the research techniques
utilized by the majority of scholars and to identify the most active areas of research in this
critical field. We have addressed all the defined research questions, which is why we are
conducting a systematic mapping study instead of typical secondary analyses.

This paper presents the most recent insights on post-earthquake reconstruction plan-
ning, detailing both the advantages and limitations of various proposed techniques. We
believe that the findings from this mapping study will be beneficial to researchers and
inspire new approaches in this crucial field. Additionally, our study aims to identify
research gaps that can guide future investigations and offer innovative directions for
ongoing research.

Our main contributions are as follows:

®  An analysis of the state of the art that covers methodologies aimed at addressing
various types of post-disaster emergencies, published over the past twenty-five years
(from 2000 to 2025) across seven different digital libraries.

e A presentation of research trends within the specified time frame.

®  An overview of the limitations of the selected primary studies and an identification of
open issues that need to be addressed in this research area.

The remainder of the paper proceeds as follows: Section 2 presents the literature
review, Section 3 presents the mapping study process, Section 4 presents the results of the
systematic mapping study, Section 5 presents the discussion, Section 6 presents a potential
research area, Section 7 presents a threat to validity, and Section 8 concludes the paper.

2. Related Work

Research on post-disaster reconstruction planning has gained momentum due to
a series of devastating disasters in the past decade. Over time, the focus of research has
evolved from merely reporting challenges to identifying key factors and patterns, and more
recently, to developing theories and models through theoretical analysis and quantitative
methods [1]. The reconstruction process typically involves two main components: rebuild-
ing housing and restoring essential infrastructure such as roads, ports, electricity, railways,
and water systems. In many countries, housing is treated as the top priority in post-disaster
efforts, as it directly addresses the immediate needs of affected communities and is often
the government’s primary focus [26].

For our mapping study, we have used seven digital libraries such as IEEE Explorer,
Science Direct, MDPI, ACM, Springer, Scopus, and Web of Science. Only limited studies
dealt with post-disaster reconstruction planning issues. Some of the approaches from these
libraries have been mentioned in this section, but have been detailed in the Appendix A. For
example, Mfon et al. [27] proposed a theoretical framework for rapid post-disaster recon-
struction that takes into account social, economic, and environmental factors, along with
the provision of relief to affected communities. Fan et al. [28] introduced a decision-support
model that combines graph convolutional neural networks with deep reinforcement learn-
ing to restore road networks in post-disaster contexts. The model is pre-trained on a range
of simulated damage scenarios, enabling it to quickly generate near-optimal recovery
strategies when an actual disaster occurs. An et al. [29] introduced an algorithm that inte-
grates geographic information system (GIS) data collected through detailed surveys by the
Institute of Engineering Mechanics (IEM) and the China Earthquake Administration (CEA)
with Synthetic Aperture Radar (SAR) imagery to assess damage after disasters. Similarly,
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Doi et al. [30] developed a reconstruction planning method utilising 2D models and 3D
renderings, while Mayo et al. [31] conducted a comparative analysis between the Intelligent
Master Planning (IMP) approach and Conventional Master Planning (CMP). In addition,
several studies have proposed formal modelling techniques aimed at optimising various
aspects of the reconstruction process. Similarly, Goujon et al. [32] proposed a multi-criteria
decision-making model for post-disaster reconstruction planning, utilising the Myriad
tool [33] to prioritise damaged infrastructure and assess reconstruction projects based on
population needs. Qiushan et al. [34] developed a post-disaster reconstruction framework
focused on rebuilding residential and commercial structures, which was implemented in
Dujiangyan central city. This framework emphasises the vital role of various stakeholders,
such as markets, local businesses, and social institutions, in driving economic recovery by
generating employment opportunities and accelerating reconstruction efforts. However, it
builds on conventional methodologies and does not leverage advanced technologies like
machine learning to manage post-earthquake scenarios. Moreover, the multicriteria deci-
sion making (MCDM) model introduced by Opricovic et al. [35] was designed to support
the analysis and modelling of post-disaster reconstruction planning. A core strength of this
model lies in its ability to identify the most suitable reconstruction alternative based on
predefined input parameters such as time, cost, damage severity, and sustainability.

Based on our analysis of the existing scientific literature, to the best of our knowledge,
no comprehensive review, whether in the form of a survey or a systematic mapping study,
has been conducted to organise and categorise research focused specifically on post-disaster
reconstruction planning [36]. Therefore, our current effort is motivated by the need and
opportunity to systematically document, classify, and analyse the body of work published
over the past 25 years in this domain.

3. Mapping Study Process

In this section, we describe the process we performed to carry out the systematic
mapping study, following the guidelines proposed by [37].

Figure 2 summarises the overall workflow. In the figure, rounded rectangles represent
process and grey rectangles represent outcomes of each process. The general workflow
consisted of six steps, namely: definition of research questions, conducting research, screening
of papers, keywords and themes, and data extraction and mapping process. Each process yields
a specific outcome, which ultimately creates our mapping study.

In the following, we describe each process of the workflow and the resulting outcomes
in detail.

/]
']
3 Definition of Research Conducting Screening of Keywards and Data Extraction &
o Questions Research Papers Themes Mapping Process
o

------ STt s

Research Scope Retrieved Papers Relevant Papers Classification Systematic Map
Scheme

Qutcomes

Figure 2. The systematic mapping process.

3.1. Definition of Research Questions

This mapping study aims to provide an overview of the research related to the adoption
of Al and ML approaches to post-earthquake reconstruction. This leads us to the following
research questions, formulated using the Goal-Question-Metric approach from [37].

The query we have formulated for the Goal-Question-Metric approach is the following:
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Analyse the state-of-the-art post-disaster approaches for the purpose of infrastructure

reconstruction planning with respect to the social benefits of affected people, politicians’

role and policies, physical dependencies, time and cost for reconstruction, to what extent

these methodologies including machine learning have been evaluated, latest active research

in this domain from the point of view of researchers, and practitioners in the context of

post-disaster reconstruction planning.

The main aim of this mapping study is to determine how post-disaster reconstruction

has been managed using models and information technology. According to the goal of our
paper, we have defined the following research questions (RQs). In presenting each RQ, we
include the aim and rationale of every question we formulated:

RQ1: What kind of problems have been addressed in the post-disaster management
research domain?

Aim: The aim of this RQ is to identify all issues related to post-disaster situations that
have been addressed in literature.

Rationale: In the post-disaster phase, administrators are called to develop reconstruc-
tion planning. We aim to understand the extent to which researchers have helped
institutions in the reconstruction planning phase.

RQ2: What approaches are used to address post-disaster reconstruction issues?
Aim: The aim of this RQ is to focus on identifying the kind of proposed approaches
e.g., Machine Learning, to handle the post-disaster situation.

Rationale: On behalf of RQ2 we have clearly defined the criteria about the inclusion
of primary studies, anything outside of these criteria will be excluded.

RQ3: Which parameters of post-disaster reconstruction are mainly considered by
the literature?

Aim: Main aim of this question is to identify the key factors (such as required cost,
number of affected people, or damage to buildings) mainly considered in the literature.
Rationale: Through this RQ, we can identify key attributes used in all proposed
models, and we can propose a taxonomy based on that.

RQ4: What kind of limitations (i.e., threats to validity and limits) have been observed
in the post-disaster reconstruction research domain?

Aim: The aim of RQ4 is to focus on the limitation and threats to validity in pro-
posed approaches.

Rationale: Through this RQ, we discuss the threat to the validity of the considered
primary study approach, and we can also sketch research gaps and future work.
RQ5: What are the top popular venues and publication trends for the post-disaster
management domain?

Aim: The aim of this RQ is to note down all venues which are publishing articles in
the computer science and social science domain related to post-disaster management.
Additionally, we aim to highlight the research interest and expertise of researchers in
this domain from 2000 to 2025.

Rationale: Purpose of this RQ is to understand the venues that are publishing most
of the primary studies related to the post-disaster management topic. Additionally,
the rationale of this RQ is to understand the main research field (e.g., computer
science, civil engineering, mathematics) of authors publishing papers in this domain.
Therefore, this RQ can be divided into the following sub-RQs:

- RQ5.1: What are the main publishing venues?

—  RQA5.2: What are the main research trends from 2000 to 2025?

- RQ5.3: What are the main research fields of authors publishing in this
research domain?
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e RQ6: What are the main research gaps (i.e., open issues) in the research domain?
Aim: This RQ describes research gaps or grey areas which have not been explored by
the literature so far.

Rationale: The rationale for this RQ is to find directions of unexplored areas for
future research.

3.2. Literature Review

We apply the Preferred Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) approach for literature identification and review [38]. Figure 3 reports the main
PRISMA stages (on the left-most blue vertical columns) and the number of papers involved
in each step.
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Figure 3. PRISMA flow diagram performed in our study.

The Conducting Research phase (see Section 3.2.1) concerns the development of research
protocols by identifying the keywords and bibliographic databases to perform the search.
The Screening phase (see Section 3.2.2) involves defining inclusion and exclusion criteria, as
well as the time frame limit, for filtering the main articles. Eventually, the Included phase
details the main articles selected after applying the screening criteria.

In the following, we detail each phase of the PRISMA workflow. This systematic
review follows the PRISMA 2020 guidelines (see Supplementary Material).

3.2.1. Conducting Research

We have used the PICOC (Population, Intervention, Comparison, Outcome, Con-
text) [39] criteria to formulate search strings from research questions.

e  Population: In this context, population means all those people who are directly
affected due to an earthquake or a post-disaster.

* Intervention: Intervention is the approach that is used to solve an issue. For example,
the technologies or algorithms used to handle a post-earthquake situation.
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e Comparison: In this study, we compare different approaches from the 'Intervention’
step. However, at this level, the alternative strategies are addressed from a qualitative,
but not empirical, perspective.

e Outcome: Here we focus on factors of importance in the considered methodology like
effectiveness, efficiency, or resilience of the reconstruction planning methods, which is
quite worthwhile for researchers.

e Context: In this study, we consider works coming from both industry and academia.

To find out the most relevant studies that were published over the last 25 years
(2000 to 2025), we performed an automatic search from seven selected digital libraries,
namely: IEEE Explorer, https:/ /ieeexplore.ieee.org/Xplore/home.jsp, ACM, https://dlL
acm.org/, Science Direct, https:/ /www.sciencedirect.com/, Springer Link, https://link.
springer.com/, Web of Sciences, https:/ /apps.webofknowledge.com/, Scopus, https://
www.scopus.com/, and MDPI, https://www.mdpi.com/. These libraries cover most of
the academic literature published. All of these databases have been selected based on the
experience reported by [40].

To search for the most relevant studies, we have identified a set of keywords and
related synonyms. Next, we have constructed search strings using Boolean operators (i.e.,
AND and OR). The full query strings are reported in Table 1.

The quasi-gold standard, as explained in the following paragraph, is employed to
identify the most relevant primary studies for a specific time frame (2000 to 2025) across
conferences and journals [41]. The search string consists of identified keywords that are
utilized in all the databases listed in Table 1. Among the selected databases, the IEEE and
ACM Digital Libraries have been chosen due to their inclusion of leading international
journals and prominent conferences and workshops focusing on data sciences and disaster
management. Additionally, we have included ScienceDirect and SpringerLink, as they
are comprehensive digital libraries that offer extensive online scientific collections and
index-based international journals. The Web of Science (WoS) is also considered, as it is
one of the oldest citation indexes for the sciences and contains a collection of scholarly
publishing journals, proceedings, and data compilations [42].

To broaden the scope of our research to encompass social and economic perspectives,
we ran search string queries in the Scopus digital library. Its developers claim it includes
works from 4000 publishers in social science fields and asserts that it is the “largest single
abstract and indexing database ever built” [43]. Lastly, we have also taken into account the
MDPI digital library, as it is becoming a prominent publisher in this area.

The concept of the Quasi-Gold Standard is outlined in [41] and is based on two key
criteria: the venue (where) and the time period (when). Using these criteria, we identified
relevant publications from the seven specified venues/databases, as summarised in Table 1,
through a combination of automated and manual searches. Additionally, the Quasi-Gold
Standard (QGS) serves as a valuable tool for assessing search strategies aimed at locating
pertinent literature within a defined time frame.

With the assistance of QGS, we compiled a set of studies from related venues, including
domain-specific conferences and journals, recognised for the time span from 2000 to 2025.
Subsequently, we identified the top publication venues in the fields of computer science
and social sciences, as detailed in Table 2.

One significant advantage of using QGS is its ability to efficiently filter relevant
studies by focusing solely on the titles and abstracts of the articles. Traditional manual
and automated search methods can be time-consuming when it comes to sifting through
data and narrowing down publication venues; however, QGS streamlines this process
considerably. After identifying relevant studies with QGS, we applied the inclusion and
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exclusion criteria outlined in Section 3.2.2. Ultimately, we selected 55 primary studies from

the available venues.

Furthermore, we have also applied the backwards snowball technique to avoid missing

any relevant primary study published from 2000 onward [44]. The backwards snowballing

technique involves reviewing references cited in relevant papers, which increases the

likelihood of discovering relevant studies [41]. In this whole process, we follow the
guidelines of Wohlin [41].

Table 1. Search strings in databases.

Database

Search String

IEEE Explorer

(“Post disaster” OR “post-disaster” OR “reconstruction planning” OR “earthquake”) AND
(“Housing” OR “city” OR “system” OR “building” OR “facilities” OR “road” OR “bridge” OR
“infrastructure”) NOT (“Detection” OR “rescue” OR “cyclone” OR “eruption” OR “tsunami”
OR “resilience” OR “temporary” OR “feasibility” OR “authentic” OR “war” OR “flood” OR
“tornado”))

ACM

(“Post disaster” OR “post-disaster” OR “reconstruction planning” OR “earthquake”) AND
(“Housing” OR “city” OR “system” OR “building” OR “facilities” OR “road” OR “bridge” OR
“infrastructure”) AND NOT (“Detection” OR “rescue” OR “cyclone” OR “eruption” OR “tsunami”
OR “resilience” OR “temporary” OR “feasibility” OR “authentic” OR “war” OR “flood” OR
“tornado”))

Science Direct

(“Post disaster” OR “post-disaster” OR “reconstruction planning”) AND(“City” OR “building”
OR “road”) AND NOT (“Cyclone” OR “Tsunami”)

Springer Link

”

(“Post disaster” OR “post-disaster” OR “reconstruction planning”) AND (“Housing” OR “city
OR “system” OR “building” OR “facilities” OR “road” OR “bridge” OR “infrastructure”) AND
NOT (“Detection” OR “rescue” OR “cyclone” OR “eruption” OR “Tsunami” OR “resilience” OR
“temporary” OR “feasibility” OR “authentic” OR “war” OR “flood” OR “tornado”)

Web of Sciences

”

(“Post disaster” OR “post-disaster” OR “reconstruction planning”) AND (“Housing” OR “city
OR “system” OR “building” OR “facilities” OR “road” OR “bridge” OR “infrastructure”) AND
NOT (“Detection” OR “rescue” OR “cyclone” OR “eruption” OR “Tsunami” OR “resilience” OR
“temporary” OR “feasibility” OR “authentic” OR “war” OR “flood” OR “tornado”)

SCOPUS

(“Post disaster” OR “post-disaster” OR “reconstruction planning” OR “earthquake”) AND
(“housing” OR “city” OR “system” OR “building” OR “facilities” OR “road” OR “bridge” OR
“infrastructure”) AND NOT (“detection” OR “rescue” OR “cyclone” OR “eruption” OR “tsunami”
OR “resilience” OR “temporary” OR “feasibility” OR “authentic” OR “war” OR “flood” OR
“tornado”)

MDPI

(“Post disaster” OR “post-disaster” OR “reconstruction planning” OR “earthquake”) AND
(“Housing” OR “city” OR “system” OR “building” OR “facilities” OR “road” OR “bridge” OR
“infrastructure”)

Table 2. Venues investigation during creation of Quasi-Gold standard.

Publication Venue Subject Area Type Databases

ISCRAM Computer Sciences/Social ¢ IEEE Explorer
Sciences

CACIE Cqmputer Sciences/Social Journal Web of Sciences
Sciences

Disasters Social Sciences Journal ACM

ICT-DM Computer Sciences/Social - ¢ IEEE Explorer
Sciences

RCIS Computer Sciences/Social Conf. Springer

Sciences
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Table 2. Cont.

Publication Venue Subject Area Type Databases
Journal of Big Data Computer Sciences Journal Springer
Decision Support Systems ~ Computer Sciences Journal ScienceDir.
Advancefi Engineering Computer Sciences Journal ScienceDir.
Informatics

ICAISC Computer Sciences Conf. Web of Sci.
EXpeFt Systems with Computer Sciences Journal ScienceDir.
Applications

Big Data and Society Computer Sciences/Social Journal IEEE/ACM

Sciences

3.2.2. Screening of Papers

In this section, we have defined inclusion and exclusion criteria for those studies which
are retrieved from automated and manual searches and evaluated by two authors to decide
whether these articles should be included based on their title, abstract, and keywords. For
inclusion, we have applied the following criteria.

e I1: Studies which are about research methods and results of the considered
research domain.

e [2: Studies must have gone under peer-review process and published in leading
venues such as journals, conference proceedings, and workshop proceedings.

e I3: Studies about the earthquake.

e I4: Studies that were published from 2000 to 2025.

e I5: Studies written in English.

The studies that fall into at least one of the following exclusion criteria are excluded.

e El: Studies that are not focused on earthquakes.

e E2: Grey literature like working papers, white and short papers, or presentations that
are published in the form of some panel discussion.

e  E3: Studies that are just about proposing guidelines, recommendations about disas-
ter situations.

e E4: Secondary studies (such as mapping studies).

e Eb: Studies that are not peer-reviewed.

®  Eo6: Studies that are not written in English.

e E7: Duplicate studies which are published in different venues on various stages of
their evolution.

We applied inclusion and exclusion criteria to relevant studies identified in digital
libraries to determine their eligibility for our research, validating a time span from 2000
to 2025. During the full-text review, we excluded additional articles that did not meet our
criteria. For the remaining articles, we employed a snowballing technique, which led us to
discover five more relevant studies.

Furthermore, we ensured the reliability of the included studies for our systematic
mapping by utilising Fleiss” Kappa [45]. This statistical method assesses the reliability of
agreement among a fixed number of raters who classify items based on their nature. The
method produces a score in binary form, where 0 indicates poor agreement and 1 indicates
full agreement. Throughout this process, we enlisted the help of four independent raters to
classify a random sample of 30 studies; 20 of these were already included in our mapping
study, while 10 were not. The calculated Fleiss’ Kappa result was 0.94, indicating a high
level of agreement among the raters.
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Additionally, Figure 4 illustrates the percentage of primary studies sourced from
seven different digital libraries. According to the distribution, IEEE Explorer contains 38%,
Science Direct 17%, MDPI 7%, ACM 19%, Springer 7%, Scopus 6%, and Web of Science 6%
of the overall selected primary studies.

Database

m IEEE Explorer - 38%
H Science Direct -17%
H MDPI-7%
EACM-19%

W Springer-7%

H Scopus - 6%

B Web of Sciences - 6%

Figure 4. Primary studies percentage in each database.

3.2.3. Keywords and Themes

We have selected 55 articles after a thorough review process and applying inclusion
and exclusion criteria following the PRISMA approach.

Figure 5 illustrates the proportion of primary studies sourced from each digital library.
The “IEEE Xplore” has the highest number of primary studies, containing 18 articles. In
comparison, the “ACM” digital library has 10 articles, while “Science Direct” includes
9 articles. The MDPI digital library has only four articles, and both “Springer Link” and
“Web of Science” comprise three articles each. Scopus contributes the least, with only
two relevant articles. Additionally, there are a few articles that appear in multiple libraries.
For example, there are two common articles between the IEEE and ACM libraries, and
Scopus shares three articles with IEEE Xplore.
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Figure 5. Selected primary studies.

Quality Assessment

After selecting a set of 55 relevant studies, we conducted a quality assessment using
the most advanced quality assessment models from [46—49]. Based on the recommendations
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provided in these models, we developed a quality assessment checklist, which is presented
in Table 3. This checklist includes six different criteria and both subjective and objective
questions aimed at verifying the validity of the sources, assessing their suitability, and
ensuring they are free from bias.

Table 3. Quality assessment checklist of relevant literature for mapping study.

Criteria Questions
e Is the publishing institution/platform reputable (e.g., Progress of Disaster Science)?
e Isthe author associated with a publishing institute?
Producer Authority *  Has the author published any other work in this field?
*  Does the author have expertise in this area (e.g., job title principal software engineer or
expert civil engineer)?
*  Does proposed methodology have a clearly stated aim?
e Isthe proposed approach supported by authentic references?
Methodology *  Are any limitations of the proposed m?thodology clearly §tated? .
* Is the proposed work based on specific research questions, and are all questions
responded to effectively?
e Is the proposed methodology validated by real case studies?
Scope *  Does this work relate to our mapping study domain?
e s this work balanced in presentation and clearly stated?
Objectivity *  Does thg problem statement c.learly state the objective?
*  Does this work refer to a particular vendor?
*  Are the conclusions of this work supported by data?
Novelty *  Does this work introduce a new idea?
®  Check the impact of the considered study with respect to the following criteria.
Impact - Number of paper citations

- Number of paper backlinks
- Number of paper views/read

Using this checklist, we evaluated the quality of the selected literature. By applying
specific selection criteria, we effectively excluded all irrelevant studies, which minimised
the effort required for the quality assessment activity [50]. These criteria are based on
factors such as authority of the producer, methodology, scope, objectivity, novelty, and
impact. Additionally, we can utilise the same selection criteria for other research methods,
such as surveys, case studies, or experiments, to further assess the quality of studies. For
instance, ref. [51] proposed a quality assessment checklist specifically for case studies,
which can also be applied to case studies in the formal literature.

3.2.4. Data Extraction and Mapping Process

To extract data from the selected primary studies and address the research questions
defined in Section 3.1, we have created Table 4. This table includes key “Data Items” related
to the research questions. According to [52], it is beneficial for one researcher to extract the
data while another reviews the extraction. Therefore, we employed a two-author approach
for the data extraction process. This verification by the authors is a common practice
in systematic mapping studies, as noted by [39]. Our defined data extraction strategy
ensures that the same criteria are applied consistently across all selected papers, including
their classifications.
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Analysis and Classification

The extracted information is explained and visually illustrated in Section 3.2.4. During
the analysis of the study identification phase, the extracted strategies were categorised
based on different search approaches, including the development of the search, evaluation
processes, and criteria for inclusion and exclusion. Each of these categories was then
assigned themes and sub-themes. The sub-themes were utilised in the inclusion and
exclusion process (also known as a priori), which relied on strategies such as resolving
disagreements between researchers to minimise bias [53,54]. Finally, the selected papers
were counted according to their respective themes and sub-themes.

Data Synthesis

In the data synthesis phase, we extracted and summarized information in a meaningful
manner to address the defined research questions (RQs). For this purpose, we employed
various techniques for data synthesis based on the guidelines of [55] for systematic literature
reviews (SLRs), along with methods for synthesising evidence in software engineering
research [56]. These techniques encompass various approaches, including descriptive
synthesis, quantitative synthesis, qualitative synthesis, thematic analysis, and meta-analysis.
Additionally, we used a descriptive technique, as illustrated in Figure 6, to categorise the
publication types (book chapters, conferences, journals, or symposiums) of the selected
studies in terms of their venue. Figure 7 provides an overview of the publication ratio of
the selected studies over the past two decades (2000 to 2021). Furthermore, we established
a classification scheme based on topic-related keywords to effectively respond to certain
research questions. These classifications are particularly useful for the mapping process.

Table 4. Data extraction.

Data Item Value RQ
Article ID Integer

Author Name Author’s name list

Title of Articles Name of the article RQ1
Keyword Keyword study indexing RQ1
Publication Year Calendar year RQ5
Venue Publication venue name RQ5
Reconstruction Reconstruction of buildings, infrastructure (roads, bridges), economics, education and health RQ1
Phase Rescue phase (to evacuate the people) RQ1
Social Benefits Social benefits of affected people RQ3
Planning Reconstruction planning of buildings RQ1
Emergency management Rescue and facilitate people in post-disaster situation RQ1
Contribution type whether this article is based on some tool, solution methodology or consist of case study RQ2
Optimization model Optimization model is used in proposed study RQ2
Machine learning Machine learning algorithm is used in the proposed study RQ2
Mathematical model Mathematical model is used in proposed study RQ2
Characteristic Which parameters are used in proposed study/algorithm RQ3
Search Strategy Guidelines about search strategy that which is followed to select the studies RQ4
Visualization Type Which technique is used to visualize the data RQ3
Classification schemes How were articles classified RQ2
Search Type Manual or automated RQ4
Open Issues Limitation of proposed study RQ4
Domain Expertise Keywords extracted from the venue description RQ5
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Figure 7. Distribution of selected studies with respect to time span.

4. Systematic Mapping Study Results

We conducted a mapping study in accordance with the guidelines outlined in Section 3
and our research questions. In the initial search, we identified 43 papers based on criteria
such as year, country, affiliations, venue, and topic, applying our inclusion criteria. After
updating our searches in line with the systematic mapping protocols [37], we discovered
10 additional papers that met the defined inclusion criteria. Ultimately, we finalised a total
of 55 primary studies. A brief summary of all the studies considered can be found in
Appendix A.

Figure 8 provides a detailed summary of selected primary studies from seven different
digital libraries. The chart includes information about the digital libraries where these
studies were published, as well as the type of solutions proposed by the authors—whether
they pertain to Social & Economics, data sciences, modelling, or civil engineering (as
discussed in Section 4.4). The outermost doughnut circle displays the references for the

relevant primary studies.
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Figure 8. Distribution of publications techniques used for sentiment analysis across years.

4.1. Mapping of Primary Studies According to Publication Type

We have reviewed primary studies published across various platforms, including
book chapters (1 study), conference articles (18 studies), journal articles (28 studies), and
symposiums (6 studies). The contributions from these studies are illustrated in Figure 6
based on publication type. Journals emerged as the most popular publication platform, ac-
counting for approximately 52.8% of the selected studies related to reconstruction planning
in post-disaster situations. In comparison, conference articles comprised 33.9%, symposium
contributions made up 11.32%, and book chapters represented the least common type,
contributing around 1.88%.

Appendix B provides details on all 55 selected studies, including their publication
venues, study types, research topics, the number of studies in each category, and references
for the published works. These studies come from 47 different reputable venues. Specifi-
cally, there are 28 studies published in 23 different journals, 18 studies from 14 different
conferences, and 6 studies from 6 different symposia, which include 1 primary study from
a book chapter.

Overall, Figure 6 illustrates that all these forums are of high quality and make signifi-
cant contributions to our systematic mapping.

4.2. Mapping of Primary Studies According to Publication Years

The distribution of selected studies based on publication years from 2000 to 2025
is illustrated in Figure 7. The X-axis represents the publication years, while the Y-axis
indicates the number of selected primary studies.
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The results show that researchers began focusing on post-disaster reconstruction
planning between 2000 and 2002, utilising technical algorithms. There was little progress
in 2003; however, in 2004, significant advancements were made, continuing until 2007.
Following this period, there was a slight decline in research output in 2008.

In 2009, the volume of research and publications increased and remained consistent
until 2011. Subsequently, a rapid decline in research activity was observed in 2013, 2015,
and 2019. However, there was a swift resurgence in research in the following years, except
for 2025, within the domain of post-earthquake reconstruction.

4.3. Mapping of Primary Studies According to Research Facet

For the research facet, we have used the classification scheme proposed by [57,58] to
categorise primary studies according to the nature or type of research. These classifications
are very simple and straightforward, as explained in the following in Table 5.

Table 5. Studies classification according to research type.

Research Type Number of Studies
Solution Proposal 15

Solution Proposal and evaluation research 17

Solution Proposal and validation research 19

Philosophical papers 1

Opinion and Personal Experience 1

Solution Proposal: These kinds of papers propose a novel solution to the problem without a
full-blown validation since these solutions are explained by proof of concept with the help
of an example, a sound argument, or by some other means. We have found 15 solution
proposals from selected studies.

Evaluation Research: Evaluation research is categorised as empirical research and it is based
on research methods to evaluate novel solutions. All studies that are based on formal
methods, such as hypothesis testing and performed experiments on real-world case studies,
are considered under evaluation research. Our 17 primary studies lie in the ‘solution
proposal and evaluation research’ category.

Validation Research: Validation research provides preliminary empirical evidence of the
solution proposal that has been implemented. It is based on very deep and methodolog-
ically sound research steps to verify all relevant studies. These research steps include
quasi-experiments, prototyping, mathematical analysis, and case studies, which are used to
collect evidence as well as for thorough investigations. We have found 18 primary studies
in this category of research type.

Philosophical Papers: According to [57], these studies are based on a new conceptual frame-
work or a new way to look at current research. Only one primary study exists in this criteria.
Opinion Papers: These articles just describe the opinion of authors about some research area,
like whether it is wrong, good, or needs improvement by using some other methods or
techniques. Only one ‘opinion paper’ exists in our primary studies.

Personal Experience Papers: These studies are based on the author’s personal experience
from one or more projects. They focus more on What the researchers have learned rather
than Why. These articles mostly come from industry practitioners or researchers who used
to work practically on some tool and do not have discussion and methodology sections.
In these type of studies, authors mention their experience in the form of a list. Thus, the
evidence in these papers is often anecdotal in nature.
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We can create more categories beyond the five shown in Table 5, but not all combina-
tions would be worthwhile. For instance, a paper may propose a new technique, include
validation, and conclude with a discussion section in which the author shares opinions
on the work of other researchers. However, such papers do not fit neatly into defined
categories. Due to these limitations, it is impossible to establish more categories [57].

The selected primary studies related to reconstruction planning in natural disasters
are listed in Table 5 and have been classified into relevant categories. Almost 28.8% of
the papers do not provide comprehensive validation or empirically grounded evidence,
relying instead on proof of concepts. These 15 studies were classified as solution proposals.
From this data, we can conclude that the relevant studies on reconstruction planning in the
context of natural disasters are relatively weak in terms of scientific rigour.

The second type of primary research studies listed in Table 5 is solution proposal
and evaluation research, which includes 16 studies. These studies provide high-quality
evidence through experiments conducted on real case studies that assess the applicability
of innovative solutions.

Validation research studies analyze the potential contribution of selected studies with
respect to the experimental setup and mathematical analysis. These kinds of studies are
a bit more than solution proposals because some researchers have started working in this
domain in the last few years, which is why we have found 18 studies as shown in Table 5.

Currently, only one primary study is categorized under philosophical papers, as there
are not many individuals proposing new conceptual frameworks in this domain.

Similarly, there is only one primary study that falls into the opinion and personal
experience category.

Additionally, we employed an evaluation classification scheme from [58] to provide
a more in-depth classification of selected primary studies into two categories: real case study
and limited experiment, as illustrated in Table 6.

Table 6. Evaluation methods in primary studies.

Evaluation Method Primary Studies Total

Real Case Study (Application of so- PS6, PS9, PS13, PS15, PS23, PS17, PS21, 32

lution on real data as real context) PS10, PS3, PS47, PS32, PS19, PS22, PS36,
PS45, PS26, PS18, PS35, PS48, PS30, PS20,
PS31, PS33, PS39, PS43, PS5, PS7, PS46,
PS52, PS53, PS54, PS55

Limited Experiment (Application of PS11, PS14, PS24, PS1, PS25, PS8, PS2, 23

solution unsolicited data on very sim- PS50, PS41, PS44, PS49, PS51, PS38, PS29,

ple case study) PS37, PS34, PS42, PS12, PS16, PS4, PS28,
PS40, PS27

Most of the primary studies employ empirical strategies to support and evaluate
their proposed techniques. However, while reviewing the selected studies, we noticed
that various papers include sections titled “Case Study” or “Experiment” to validate
their proposed solutions. To address this, we have categorised the selected studies into
two evaluation methods.

Real Case Study: Just a research method where the researcher explores the proposed
solution or topic in depth and validates on a real dataset.

Limited Experiment: Another research method where different variables are used in
algorithms to test the hypothesis.
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4.4. Mapping of Primary Studies According Post-Disaster Reconstruction Planning Solution
Domain Facet

The mapping and classification of primary studies related to post-disaster reconstruc-
tion planning (PDRP) solutions begin immediately after data extraction. This process
gathers detailed information about current research in post-earthquake reconstruction. It
involves two reviewers who work through two distinct steps. In the first step, a systematic
mapping is conducted. In the second step, a classification of the solution domain is created,
which consists of four categories: social and economic factors, data science, modeling, and
civil engineering, as shown in Table 7.

Table 7. PDRP solution facet in primary studies.

PDRP Domain Res. Topics Primary Studies Total Count
Social and Eco- 1-Social Sciences, PS13, PS46, PS45, PS30, PS39, 19
nomics 2- Social and Economic Experts, PS21, PS28, PS15, PS37, PS33,
3- Management Experts. PS27, PS42, PS9, PS35, PS48,
PS10, PS44, PS25,PS5
Data Sciences 1- Data Sciences, PS8, PS17, PS11, PS7, PS12, 16
2- Data Analytics, PS19, PS47, PS22, PS29, PS1,
3- Intelligent Master Planning, PS50, PS34, PS24, PS52, PS53,
4- Reinforcement Learning. PS54
Modelling 1- Decision Model, PS31, PS6, PS4, PS38, PS26, 6
2- Modelling by Using Software, PS55
3- Computer Aided Design,
4- 3S Planning Technique.
Civil Engineering 1- Structural Engineering, PS2, PS40, PS16, PS20, PS3, 14
2- Hydraulic Engineering, PS49, PS14, PS18, PS23, PS32,

3- Transportation infrastructure engineering,  PS36, PS41, PS43, PS51
4- Transportation System Engineer.

4.4.1. Solution and Economics (Social and Eco.)

These multi-disciplinary studies are grounded in economic, social, political, and
542 cultural perspectives [59].

During mapping study, we learned that some researchers have proposed social and
economic studies for post-disaster reconstruction planning. The goal of all these types
studies is to overcome the post-disaster situation by considering the social and economic
factor. However, it is really difficult to handle such circumstances in this way, but despite
this, according to Table 7 we have found 19 studies that provide social and economic
solutions for post-earthquake reconstruction planning.

4.4.2. Data Sciences

These studies handle post-disaster situations by applying tools and techniques on vast
volumes of data to find meaningful information for decision making [60].

In this regard, we have found 15 articles that use algorithmic techniques like genetic
algorithms to handle post-earthquake reconstruction planning problems, but the overall
percentage of these types of articles is 28.3% from selected studies.

4.4.3. Modelling

To solve a challenging problem, sometimes it is really difficult for researchers to use
advanced algorithms or to provide a mathematical solution, and authors use modelling
techniques for solution implementation. That is why we have observed during a mapping
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study that few authors have proposed simulation solutions but the overall percentage of
these kinds of articles is much less, at is 9.4% from selected studies.

4.4.4. Civil Engineering

All these primary studies are based on professional designing and development of the
infrastructure or experience papers [61]. The percentage of these kinds of articles is similar
to algorithms type solutions, which is 26.4%.

4.5. Classification of Studies According to the Information Learned

According to the results, we have extracted information from different primary stud-
ies like solution proposals, empirical studies, evaluation research, philosophical papers,
survey papers, and opinion papers. However, during information extraction [62], we have
considered key attributes like damage level in the area, required time for reconstruction of
properties, cost/budget required to reconstruct properties, and the number of people who
got affected by the disaster in the damaged area. Some studies have shown information
on abstract level for instance, graphs or graphical representations, which are PS28, PS46,
PS33, PS31, PS26, PS1, PS31, PS38, PS4, PS48, PS15, PS39, PS25, PS27, PS44, PS46, PS30,
PS21, PS42.

In this mapping we have also found empirical research articles, like PS24, PS50, PS8,
PS12, PS22, PS534, PS17, PS43, PS11, PS18, PS7, PS19, PS41, PS47, PS29, PS1, PS50, PS52,
PS53, PS54, PS55.

The rest of the primary studies are considered as a general category because every
article contains some key attributes. All these articles are mentioned in Appendix A.

4.6. Classification of Studies According to IT Solution and Civil Engineering Field

As we go further in-depth for mapping study analysis, we have analyzed 25 papers
based on IT solution and 31 papers suggesting solutions from the civil engineering field
from total of 55 studies.

Additionally, the proportion of civil engineering solutions is more than IT because
post-earth reconstruction problem is more oriented to the civil engineering field.

4.7. Most Fertile Researchers in Area

On behalf of primary studies, we have analyzed publications trends as well as the
number of published articles by each author to check research impacts in this particular
area. We have found few active researchers those have published few papers in last
25 years [63] like PS9 [35], PS25 [64], PS46 [9], PS47 [65], PS52 [66], PS53 [67], and PS55 [68].
Although the publication rate of articles increased in 2007, 2015, 2018, and then up to 2025
according to Figure 7. But, based on results and thorough analysis, we came to know that
no research group deals with this critical problem by using cutting-edge technologies like
machine learning.

5. Discussion

This study systematically mapped the current state of research in post-earthquake
reconstruction planning from 2000 to 2025, identifying key themes, methodologies, and
technological advancements. The analysis of 55 primary studies across seven digital li-
braries has revealed several important insights into the evolution of research and its gaps.
The findings suggest that while progress has been made toward integrating optimization
and decision-support models, there is still a substantial need for comprehensive frame-
works that consider sustainability, socio-economic resilience, and real-world validation.

The mapping results show that data driven and Al-based approaches including op-
timization models, reinforcement learning, and decision frameworks are increasingly
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adopted, reflecting a paradigm shift from conventional civil engineering and manual
planning techniques to computational and intelligent systems. However, only one study
(PS52) [66] applied a reinforcement learning algorithm (DDQN) for reconstruction plan-
ning, confirming that the domain is still in its early stage of adopting machine learning for
decision-making under uncertainty. This highlights a promising area for further empirical
exploration and hybrid modeling.

In addition, the distribution of research types indicates that approximately 29% of the
studies are solution proposals lacking empirical validation, suggesting limited method-
ological maturity. While 32 studies have been validated using real case data, the absence of
standardized evaluation frameworks hinders cross-study comparison and reproducibil-
ity. This reinforces the need for future work to emphasize experimental validation and
benchmark datasets for post-disaster reconstruction scenarios.

The parameters and attributes identified such as time, cost, damage level, sustain-
ability, and political priority demonstrate the interdisciplinary nature of reconstruction
planning, where technical, economic, and social dimensions intersect. Yet, most studies
treated these parameters in isolation, neglecting their dynamic interdependencies. This
fragmentation reduces the applicability of current models to complex, real world settings.
A unified approach combining multi-criteria decision analysis (MCDA) with machine learn-
ing could address this limitation by optimizing trade offs among competing objectives.

Another key observation concerns the imbalanced distribution of research domains:
civil engineering and social-economic studies dominate, while computational and data-
science-driven methods remain underrepresented. This suggests that stronger collaboration
between engineering and computer science researchers is crucial for advancing intelligent
reconstruction planning. Additionally, there is a lack of work incorporating sustainabil-
ity indicators and community centered design, which are essential to ensure long term
resilience and equitable recovery.

6. Potential Research Areas

On the basis of the results of the mapping study, we can say that few people have tried
to work but a not fair amount of research has been carried out in this domain. Most of the
studies are based on a graphical representation of the damaged area instead of empirical
research. That is why we can say that most research efforts are not methodologically
sound and some issues remain unexplored. We have found various kinds of potential
research directions especially the use of cutting-edge technologies in this critical domain of
reconstruction planning in a post-earthquake situation.

Using cutting-edge technologies like machine learning in this area could be very useful
because according to the results of the mapping study, we have found only one article
PS52 [66] that has used the DDQN reinforcement learning algorithm for reconstruction
planning apart from that which no one has used. Creating a reconstruction plan manually
is a real challenge for decision makers because it is really hard for them to maintain balance
in all formal and informal requirements, including a guarantee to repopulate the damaged
area. Secondly, it is compulsory to consider the benefits of affected people that come from
optimizing some values, e.g., the vulnerability of buildings, the budget, and time required
to accomplish the building plan [69]. Development plans must be implemented according
to the new strategies devised to drive future development, including taking into account
the sustainability factor.

Furthermore, another aspect that public decision makers do not consider is the societal
impact and relative benefits that citizens experience from the implementation of a certain
recovery plan [25]. Indeed, the societal impact and benefits are different in every plan, but
these are the key features that should be considered in all post-disaster phases.

50



Sustainability 2025, 17, 10035

For the aforementioned complexities, machine learning algorithms are the best solu-
tion that can provide a mechanism to public decision-makers, servants, and citizens that
can help effectively to define and evaluate rebuilding plans.

Thus, more empirical and detailed research is required to analyze how machine learn-
ing algorithms can be used to define reconstruction plans in a post-earthquake situation.

7. Threat to Validity

There are many aspects that need to be considered when assessing systematic mapping
study which can potentially limit the validity of the findings but in this section, we have
discussed possible validity threats to our systematic mapping study regarding analysis,
conduct, design, and clarifications. We have considered threats like bias in the selection of
digital libraries, inaccuracy in data extraction, bias in the time frame for primary studies,
bias in the definition of search strings, and publication bias.

Bias selection of digital libraries means we might have a distortion in statistical analysis in
the selection of all those libraries which contain or do not contain too many related studies.
We handled this threat (to at least some extent) by defining comprehensive inclusion and
exclusion criteria for post-disaster situation-related studies.

Secondly, inaccuracy of data extraction and misclassifications can occur during informa-
tion extraction which is done by reviewing it in a different ways. To minimize these kinds
of discrepancies (to at least some extent) were solved by consensus by all reviewers.

Thirdly bias in the time frame for primary studies for this purpose we have considered
articles from 2000 to 2025 range to mitigate chances not to miss any recent relevant study.

Fourthly to tackle bias in search string we have used all techniques like tabs, quotes,
hyphens to exclude words and asterisk wildcard tips (at least some extent) to make a
comprehensive string.

Lastly, publication bias refers to sometimes positive problems published more as com-
pared to negative and also negative results take a longer time to be published and are
usually cited fewer times [55]. To tackle this threat (to at least some extent), we have
scanned all related journals and conferences apart from grey literature like reports or Ph.D.
theses and unpublished results because all these kinds of things may affect the validity of
our results.

Additionally, in this section we have also used classification schemes of [70-72]. Ac-
cording to these schemes, the following types of validity threats have been taken into
account, which are descriptive validity, theoretical validity, internal validity, external valid-
ity, and conclusion validity. All these have explained the following.

7.1. Descriptive Validity

Descriptive validity is about the accuracy and objectivity of collected information.
Usually, threats of descriptive validity exist more in qualitative studies as compared to
quantitative studies. For this purpose, we have designed a data collection form to record the
data related to post-earthquake situations and also describe the process of data extraction
in Table 4 and have reviewed them many times, so as to not miss any related articles.
Additionally, this form can be revisited whenever required for primary studies, so this
threat is handled very effectively.

7.2. Theoretical Validity

Theoretical validity is about determining collected data on post-earthquake situation
fits into what we have require without any bias selection. Because there is always a chance
to miss some relevant studies, e.g., ref. [73] did work on two mapping studies on the
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same topic and ended up with different articles, we have used PRISMA [74] and backward
snowball sampling techniques [75] to handle this threat in Section 3.2.

7.3. Internal Validity

Internal validity is based on two main threats, which are missing relevant studies and
bias in paper selection by researchers. By the way, mapping studies consider a wide range of
related articles from different databases [76]. So in our mapping study, we have considered
the seven most widely used digital libraries to minimize the chance of not missing any
relevant study about the post-disaster situation. We believe most of the related primary
studies are considered but still, we cannot rule out the possibility that we might have
missed some relevant studies during the automatic search in digital libraries. Additionally,
we also used quasi-gold standard (Section 3.2) to validate the completeness of automated
searches strings which are based on RQs keywords.

Researchers’ bias in paper selection might also lead to inaccuracy in data extraction.
For this purpose, we have defined data inclusion (DI’s) criteria in Table 4 for data extraction,
where all researchers were agreed, and if there was any conflict in data extraction, we
settled by mutual consensus.

7.4. External Validity

According to [70], external validity of systematic mapping study is about how much
findings are generalizable and useful for other population interests. So the major threat
is whether considered primary studies are representing the subject area or not. For this
purpose, we have followed the standard research process and considered all relevant
studies apart from those which were not in English.

Additionally, some primary studies do not provide full information for extraction form.
In that case, we have assumed some information on behalf of DIs during data synthesis.
Similarly, some approaches did not describe drawbacks.

7.5. Conclusions Validity

Conclusion validity is about up to how much we reached on reasonable conclusion as well
as the relationship between selected studies and current research trends in the considered field.
To handle the first threat, we have answered all defined RQs on behalf of selected primary
studies. Regarding the second threat about data extraction, classification and synthesis were
performed as a team. However, still, there is a chance to miss relevant studies because
qualitative-based mapping study is really difficult and can be missed in any article.

8. Conclusions

This mapping study has identified the related literature and evaluated with respect to
topics, frequency of publications up to 2025, publication venues, and type of disaster.

We believe our mapping study is based on a comprehensive and state-of-the-art
overview in post-earthquake reconstruction planning studies, which is quite useful for
young researchers and practitioners to get an idea about this challenging field and make a
contribution by using cutting-edge technologies.

We have answered all defined research questions (RQs) with the help of analysis and
results on behalf of our systematic mapping study.

RQ1: What kind of problems have been addressed in the post-disaster management research domain?

According to our primary studies, we have considered only earthquake related studies,
which are published in the last 25 years (from 2000 to 2025). After thoroughly studying, we
have found 19 types of problems and all these are classified in Table 8.
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Table 8. Problems addressed in primary studies.

Problems Primary Studies

Reconstruction criteria definition PS1, PS8, PS12, PS15, PS16, PS23, PS30, PS28, PS48
Resources management PS3, PS14, PS21

Socio-economic policy definition PS19, PS36, PS39, PS46, PS49

Stakeholders involvement PS9, PS17, PS20, PS26

Data collection PS5, PS7, PS27, PS29, PS33, PS35, PS44, PS51, PS53, PS54, PS55
Data visualization PS4, PS40

Reconstruction planning with social aspects  PS10, PS13, PS34

Resource management PS3, PS14, PS21

Agent-based reconstruction mechanism PS37

Cost estimation PS43

Data modelling PS24

Decision making PS25

Index-based reconstruction mechanism PS45

Master planning PS11

Metrics definition PS31

Reconstruction criteria for damage roads PS47

Reconstruction plan generation PS52

Sustainable recovery PS2

Temporary housing PS22

RQ?2: What approaches are used to address post-disaster reconstruction issues?

The approaches that we have found in primary studies to solve post-earthquake
reconstruction problems are categorized into four types, which are Optimization Model
(mathematical model), Decision frameworks (implemented algorithms which can mange
resources, cost, time, etc. in post-disaster situation), Machine Learning, Geographical
Information System, Visualization model (undirected graph or maps of damage area), and
Real experience reports (studies which describe practical implementation of reconstruction
plan), as shown in Table 9.

Table 9. Papers grouped based on approach.

Approaches Primary Studies

PS1, PS24, PS20, PS17, PS12, PS13, PS15, PS21, PS27, PS28, PS29, PS34, PS35, PS39,

Optimization model PS7, PS44, PS46, PS47, PS53, PS54, PS55

PS2, PS25, PS9, PS10, PS19, PS18, PS16, PS14, PS26, PS48, PS31, PS50, PS32,

Decision frameworks PS33,PS51, PS36, PS37, PS38, PS41, PS43, PS45, PS49, PS22, PS30

Machine learning PS52

Geographical information system PS5, PS11, PS6
Visualization model PS4, PS40

Real experience reports PS3, PS8, PS23, PS42

RQ3: Which parameters of post-disaster reconstruction are mainly considered by the literature?
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In selected studies, we had the analysis of all those attributes/input parameters
that are used in proposed methodologies. We have categorised these parameters into
three different tables on behalf of methodologies (algorithmic and mathematical models,
visualization models, and real experience reports). Overall, 16 attributes have been noticed,
which are time, cost, political priority (PP), damage level (DL), resident numbers (RN),city
data (CD), physical dependencies (PD) people opinion (PO), gross domestic production
(GDP), sustainability (Sustainbi.), state disaster recovery coordinator (SDRC), 3D, seismic
strength (SS), stiffness, historical and cultural (H & C), and environment (Env.). Details of
each primary study with respect to parameter/attributes are mentioned in Tables 10-12.
Reference (Ref) column contains related to paper and in input parameters column contain
parameters which are mentioned by “x” if it exists in the corresponding paper and blank
space vice versa.

RQ4: What kind of limitations (i.e., threats to validity and limits) have been observed in the
post-disaster reconstruction research domain?

According to the primary studies, our focus is on reconstruction planning of infras-
tructure in post-earthquake situations. After deep analysis, we have observed three types
of limitations in available articles, which are Availability of updated data, Computational
resources, and Model efficiency (not validated on real case studies). All primary studies
have been categorised with respect to their limitations in Table 13.

Table 10. Algorithmic and mathematical models common parameter table.

Ref

Input Parameters

PS[Ref] Time Cost PP DL RN CcD PD PO GDP Sustainbi. SDRC 3D SS Stiffness H&C Env. SB
Ps1 X X X X X X X
PSs2 X X X X X
PS5 X X
PS6 X X X X
PS7 X X
Ps9 X X X X
PS10 X X
Psi1 X X X X
Ps12 X X X
Ps13 X X X X
PS14 X X X
PS15 X X X X X
Ps16 X X X X
PS17 X X X
Ps18 X X X
PS19 X X X
PS20 X X X X X
Ps21 X
PS22 X X X
Ps24 X X
PS25 X X X
Ps26 X X X X
Ps27 X X X X
PS28 X X X
PS29 X X X X X
PS30 X X X
PS31 X X X X X X X X
PS32 X X X X
PS33 X X X X
PS34 X X X X
PS35 X X X X X
PS36 X X X
PS37 X X X X
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Table 10. Cont.

Ref Input Parameters
PS[Ref] Time Cost PP DL RN CD PD PO GDP Sustainbi. SDRC 3D SS Stiffness H&C Env. SB
PS38 X X X X
PS39 X X X
PS41 X X X
PS43 X X X X X
PS44 X X X X
PS45 X X X X
PS46 X X X X
PS47 X X X X X X
PS48 X X X X X
PS49 X X X X X
PS50 X X X X X
PS51 X X X X
PS52 X X X X X X X
PS53 X X X X
PS54 X X X
PS55 X X X
Table 11. Visualization models common parameter table.
Ref Input Parameters
PS[Ref] Time Cost PP DL RN CD PD PO GDP SustainbiSDRC 3D SS Stiffness H&C Env.
Ps4 X X X X X X
PS40 X X
Table 12. Real experience reports common parameter table.
Ref Input Parameters
PS[Ref] Time Cost PP DL RN CD PD PO GDP Sustainbi. SDRC 3D SS Stiffness H&C Env.
PS3 X X X X
PS8 X X X
PS23 X X X
PS42 X X X
Table 13. Papers grouped based on approaches limitations.
Limitations Primary Studies
PS4, PS14, PS6, PS18, PS49, PS13, PS30, PS48, PS37, PS23, PS26,
Availability of updated data PS33, PS8, PS11, PS38, PS45, PS47, PS19, PS39, PS50, PS51,
PS53, PS54, PS55
PS1, PS12, PS42, PS34, PS16, PS2, PS29, PS9, PS5, PS46, PS31,
Computational resources PS40, PS35, PS24, PS43, PS20, PS27, PS17, PS32, PS41, PS22,
PS44, PS28, PS36, PS52

Model efficiency (not validated on real case studies) PS3, PS10, PS21, PS7, PS15, PS25

RQ5: What are the top popular venues and publication trends for the post-disaster management
domain?

During the search of primary studies, we found 11 venues that contain most of
the primary studies related to the post-earthquake reconstruction domain. All those
venues including research trends and expertise required are explained in the following
sub-questions.

e RQS5.1: What are the main publishing venues?
In total, we found 46 different venues on behalf of selected primary studies. Among
those, only 11 conferences/journals (venues) are the most popular, which contain
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more than one primary studies. These popular venues are ISCRAM, CACIE, disasters,
ICT-DM, RCIS, Journal of Big Data, decision Support Systems, Advance Engineering
Informatics, ICAIS, Expert Systems with Applications, and Big Data and Society as
shown in Table 2.

e RQ5.2: What are the main research trends from 2000 to 2025?

According to Figure 7, research trends vary from 2000 to 2025. In 2000, only a few
people were working and then this ratio goes down in 2003, and then again in 2007
the research trend goes on top and then we can see a slight fall in 2008. Later again,
the variation continues in the following years like in 2014, 2017, and 2020 research
trends are on top.

But all these studies have tried to solve the post-earthquake situation by using differ-
ent techniques.

e RQ5.3: What are the main research fields of authors publishing in this research domain?
From primary studies, we came to know that reconstruction planning is related to civil
engineering, but during reconstruction, we also need to consider the social aspect of
affect communities. For this purpose, the researcher needs expertise in social sciences,
data sciences, and technical skills of computer science.

RQ6: What are the main research gaps (i.e., open issues) in the research domain?

On behalf of our results, we have observed that not many researchers are working
in this research area, especially with respect to cutting-edge technologies (like artificial
intelligence and machine learning). In that aspect, we have found numerous directions
that can be carried out for research because the empirical research, which has already been
done to handle the post-disaster situation, is not sufficient. Most of the proposed solutions
in the considered studies are based on visual simulations like undirected graphs instead of
empirical solutions.

We can claim that it is a great opportunity for young researchers to explore this
unexplored important research fields with respect to cutting edge technologies like artificial
intelligence and machine learning.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/s5u172210035/s1, PRISMA 2020 Checklist [77].
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Appendix A

In this index, we have enlisted all considered primary studies.

PS1: Ref. [35] developed a multicriteria model (the application of this model is illus-
trated with post-earthquake reconstruction problem in central Taiwan including restoration
of the “lifeline” system) for analyzing and planning strategies for reducing social and
economic cost in the natural disaster area by generating alternatives, establishing criteria,
assessment of criteria weight, and application of compromise ranking method (by VIKOR).
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First of all, they create alternative reconstruction plans with different scenarios and varying
“system Parameters” like s1 = location, s2 = magnitude, s3 = probability s4 = number of re-
allocated settlements, s5 = land-use types, s6 = development regulation, s7 = fiscal policies,
s8 = construction techniques. The first three parameters are determined from seismic data
for the considered area and the rest of all are related to regional planning and designing
alternatives. Secondly, they establish eight multicriteria (Reconstruction cost, Gross do-
mestic production, Destroyed houses and parameters, Restoration ability, Sustainability,
Acceptability by the local public, Government preferences and plans have to be evaluated
on the behalf of all these criteria). The relative importance of each criteria in Multicriteria
Decision Modeling (MCDM) is expressed by weight using the scaling method without
losing any meaning which provides help in modeling decision making. “Equal Importance”
weight (wi = 1/n) when there is no information from the decision-maker. Fuzzy logic is
used for the linguistic variable (good, fair, and bad) to develop a mathematical model to
implement human logic in engineering solutions. All these linguistic variables play an
important role in decision-making. The fuzzy multicriteria model can treat all relevant
conflicting effects and impacts in their representative units and the development of fuzzy
multicriteria model is important because it deals with incomplete information. The Fuzzy
multicriteria optimization (FUMCO) method is developed in this paper which has two
phases CFU phase(converting fuzzy data into crisp scores) and MCO phase (multicriteria
optimization using compromise ranking method). Linguistic variables converted into
crispy numbers like low = 0, medium = 0.5 and high = 1 respectively. To avoid conflicts
among different criteria, which is very obvious in practical problems that they have used
a comparison ranking method known as VIKOR, which is introduced as an applicable
technique to implement within MCDM.

PS2: Ref. [78] develop an innovative decision framework by adopting an agent-based
approach for short-term redevelopment objectives and also for balancing long term goals
by reducing three-dimensional vulnerabilities of communities like social, economic, and
environmental ones. For this purpose, they have used residential agents, economic agents,
and state disaster recovery agents (SDRC). SDRC’s main purpose is to evaluate the recovery
plan and prioritize the objective after every simulation through aggregated equations. The
proposed approach is composed of five steps: (i) Implementation of an assessment tool to
measure the three considered dimensional vulnerabilities; (ii) Modeling of stakeholders
objectives, strategies, and behaviors; (iii) Data gathering to extract the information about
the damage of the disaster; (iv) Simulation of the impact of the disaster event and of the
interaction the stakeholders have during the post-disaster recovery phase; (v) Analysis
of the simulation results. The utmost purpose of this research methodology is to provide
optimal recovery strategies after disaster and policies at the community level.

PS3: Ref. [79] reviewed disaster management practices in China with an interdisci-
plinary analysis to check how disaster planning and management can be used efficiently
in a top-down government administration system during 2008 Wenchuan Earthquake.
Basically two national-level plans were drawn, one is the Overall Plan for Post-Wenchuan
Earthquake Recovery and Reconstruction, and the other is the City Town System Plan
for Post-Wenchuan Earthquake Recovery and Reconstruction, and the evaluation of plans
contents are very helpful for policymakers to build a sustainable infrastructure.

PS4: Ref. [30] proposed a solution for reconstruction after Great East Japan Earthquake
(11 March 2011). According to this solution in the start, only 2D drawings of roads and
other infrastructure were collected from government offices for the construction plan which
was very difficult to make consent with local residents and to start the construction plan.
For this purpose, they proposed two policies to accelerate the reconstruction plan (i) Build
3D models for public shapes using CAD (Computer-Aided Design) and private shapes
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using CG (Computer Graphics) for better visualization and then they are integrated into
the database (ii) Train human resources that can build for 3D models from 2D drawings
of roads, river, rail and so on. In order to evaluate the approach, they did joint research
with the city planning division of Miyako city. In meanwhile civil engineering related
software was also used for 3D modeling like Infrastructure Design Suite (used for planning
and visualization), Civil 3D (used for making small objects like sports facilities, parking
lots), and ReMake (used for converting photo/laser scanning data into 3D mesh). As a
case study in this article, they considered “Kuwagasaki” district of Miyako city. When
they used city planning law data of urban planning it was difficult to use because that
was in 2D and visually can’t be differentiated among different tress e.g “Akinire” and
“Yamaboshi” are very rare trees in Japan. For this, they have used JFP a tree generation
system (written in eXtensible Plants Modeling Language) to model 3D tree shapes. The
author has introduced another efficient way of 3D model of by using reconstruction by
using drone came, for realistic and effective 3D models quickly, this method is much faster
and efficient as compared to ordinary 3D modeling.

PS5: Ref. [80] have proposed a framework by using 3S (Special data Acquisition,
Spatial Data Management, and Special Data Management) and remote sensing (RS provide
different resolution remote sensing data before and after the earthquake) techniques for
post-disaster reconstruction planning system (PRPSS) after Sichuan Wenchuan earthquake
(China) in 2008. Both 3S (geographic information system (GIS), the remote sensing (RS)
and the global positioning system (GPS)) and RS (remote sensing) techniques belong to
Global Information System (GIS). Overall proposed framework (PRPSS) consisted of three
layers Data Source Layer (uses spatial databases technology for the management of disaster
areas spatial data), Functional Service Layer (provide primary service function related
system construction), and System Application Layer (Set of planning support Analysis,
provide effective support for reconstruction planning). PRPSS framework has seven types
of databases which contain different kinds of disaster area data like (i) Spatial Metadata
Database (describe geographic data sets content, expression, spatial reference and further
it is divided into basic information and auxiliary information), (ii) The Basic Geographic
Database (caries thematic data and consist of planning area 1:250,000 and 1:50,000 DLG),
(iii) DEM Database (contain data which is used for 3D space visualization and 3D spatial
analysis), (iv) Remote Sensing Image Database (contain different- resolution remote sensing
images such as pre-earthquake and post-earthquake worldview), (v) Geological Disasters
Database (contain data related to the earthquake fault zone, landslide) (vi) Social Economy
Database (contain data related to the pre-earthquake population of the affected area, GDP
and other data) (vii) Planning Results Database (contain plan results related to recon-
struction planning). The overall system of PRPSS consisted of four subsystems (i) Spatial
Data Management Subsystem (mainly used to manage and maintain databases like DEM
database, social economy database), (ii) Disaster Information Extraction Subsystem (Used
to extract disaster information using pre-earthquake and post-earthquake remote sensing
data) (iii) Planning Support Analysis Subsystem (contain various data analysis tool related
to planning business, spatial measurement, spatial data inquiry, map statistical analysis
and so on) (iv) 3D Spatial Analysis Subsystem (To plan reconstruction place after analysis
by 3D environment).

For the implementation of this system Tsinghua University was responsible for post-
disaster reconstruction planning of Aba Tibetan that’s why PRPSS constructed rapidly,
ESRI’s ArcSDE to manage the post-disaster reconstruction planning database. Data was
provided free of cost by the State Bureau of Surveying and Mapping, The China Earthquake
Administration and Beijing SPOT Company, and others unite. System developed based
on component-based GIS technology. 2D GIS functions were developed by ESRI ArcGIS
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Engine (ArcGIS Engine 9.3 and ArcSDE 9.3 (Esri, Redlands, CA, USA)) and 3D spatial
analysis function developed by Tsinghua TS3DGIS components.

PSé6: Ref. [29] say’s remote sensing technology is playing an important role in collect-
ing information on social infrastructure which is very important for relief and reconstruction
after any disaster. With the increasing availability of remote sensing data, various meth-
ods have been developed for damage assessment. In this paper, authors have proposed
another enriched algorithm that allows us to combine GIS data (Geographic Information
System which is taken by detailed survey results from Institute of Engineering Mechanics
(IEM) and China Earthquake Administration (CEA)) and SAR (Synthetic- Aperture Radar)
images to estimate damage assessment after any disaster. The method was applied to
PALSAR images taken over both areas Wenchuan (China) and Yushu (China) affected by
the earthquake in 2008 and 2010 respectively. According to this method, GIS layer is not
only applied for scale restriction but also as ancillary (non-video information such as audio
data) data of structure vulnerability. As a case study author has considered the city of
Dujiangyan, Sichuan, China affected by the earthquake on 12 May 2008. Two images were
taken by ALOSPALSAR sensor on 5 February and 22 June 2008, respectively. And ground
truth building damage data provided by the Institute of Engineering Mechanics (IEM) and
China Earthquake Administration (CEA) based on the detailed survey result in GIS format.

As it is mentioned this research is related to measuring the damage of building
with accuracy. For the city of Dujiangyan, GIS polygon (five damage level) of a single
building contain structure and occupancy information that is accessible. But in this work,
five damage levels are simplified into 3 and sorted all buildings of the study area into
three types (Class A, B, and C) by applying our GIS data. By measuring the construction of
similar structures building damage is more accurate way to calculate the damage. Each
GIS polygon contains several kinds of information like the area of a polygon, the mean
structure class of the polygon, and Z1 value of all pixels. Overall in this method GIS data
participated in two steps of the whole procedure (i) In SAR intensity changes detection as
a scale restriction (ii) Provide ancillary data of structure vulnerability for building damage
degree estimation Anyhow still there exist a lot of issues in this methodology like GIS data
is not always available; secondly, the method we applied for estimation of building damage
is not workable in mountain areas as well as we can’t determine moderate damage through
this proposed method.

PS7: In this paper [81] have evaluated the restoration situation of a damaged building
in the earthquake of 2016 (Kumamoto) in which almost 3000 buildings were completely
destroyed, and it was not possible to grasp damage situation information without satellite
remote sensing. Furthermore, they have used object-based and pixel-based methods for
extracting detail damage of the building and other dwellings as well as to improve the
resolution of a satellite image. Generally, a lot of parameters are required for image
segmentation and classification by the object-based method but here damage is evaluated
by the optical and SAR images observed immediately after the disaster investigated and a
lot of damage features of building was investigated by the field surveying. In this paper
they have taken Mashiki town as a case study (severe damage in Kumamoto earthquake)
for evaluation of proposed methodology, using high-resolution satellite data one year after
the earthquake.

PS8: In this paper [82] have discussed the reconstruction approach after the Wenchuan
County earthquake in 2008 of Sichuan Province. After three years of post-disaster recon-
struction in the disaster area economy, ecology, environment has been fully restored (all
this information was collected from the Department of Tourism in Shuimo town). Though
achieving such a heavy construction in just three years have shocked the world, on the
behalf of this amazing achievement Shami Town in Wecnhuan County was awarded as
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“Global Best Example Post-Disaster Reconstruction”. From studying and discussing the
reconstruction model they found that the town used regional advantages, improved infras-
tructure, explore tourism resources, changed the economic growth mode, and focused on
the protection of historical and cultural. Basically, for the whole construction, they have
adopted “Partner Assistance” approach, on the other hand, Shuimo town has traditional
culture and historical context which is based on two regions “Chanshou Old Street” and
“Qiang city in Shuimo town” as well as it contains natural scenery. In this way tourism
industry is the support strength of the national economy. In overall reconstruction, they
have adopted the following strategies (i) They have repair old buildings according to their
old style, size, and features so they can revive the old style and strengthen the modern
technology of resisting the earthquake. (ii) Some buildings which didn’t collapse in a
disaster such as old houses or shops, left their appearance from outside as it is but inner
side structure equipped with modern structure equipment to resist the earthquake up to
9.0 magnitude. (iii) Some buildings did not collapse but their location hampered the design
of the city, so they decided to push them down and reconstruct. (iv) Keeping original
structure as it is but they brought some other styles of architecture to diversify Qiang Zhai
tourism product.

After all state of art post-reconstruction but still, author have few suggestion (i) Sec-
ondary disasters caused by an earthquake like debris flow, collapse, landslide have greatly
hampered the need to avoid quality reconstruction. (ii) At present, the tourism benefit
in shumio town has not shown itself completely. They need to have further refinement
about many aspects such as traveling website construction, advertising, the quality of
reception etc. (iii) Extend the tourism industrial chain and develop the economy with
three-dimensional development direction such as Qiang minority culture, tourism indus-
trial chain.

PS9: Ref. [26] describe the role of key stakeholders in project management during
post-disaster reconstruction like project financing and design to start the reconstruction.
Additionally, they have identified key challenges during post-disaster reconstruction like
policies, construction budget/cost, labour cost, coordination, communication, and political
environment. In the end, they have explained 10 critical success factors that must be
taken into account during post-disaster reconstruction which are: effective institutional
arrangement, coordination and collaboration, supportive laws and regulations, effective
information management system, competencies of managers and team members, effec-
tive consultation with key stakeholders and target beneficiaries, effective communication
mechanism, clearly defined goals and commitments by key stakeholders, effective logistic
management and sufficient mobilization and disbursement of a resource.

PS10: In this paper author’s [83] have proposed a mechanism for the post-earthquake
reconstruction of the building to take care of the environment (like natural environment,
social environment, economic and cultural environment) and fulfill basic requirements
like reconstruction of sites, the planning system, local culture, building, and environment
design, physiological reconstructions and establish a good social and cultural environment
to improve peoples quality of life. At last, the authors have validated the approach on
Wenchuan earthquake reconstruction planning.

PS11: In this paper [31] did a comparative analysis of Conventional Master Planning
(CMP) practices with the Intelligent Master Planning (IMP) approach (By using a case
study of a massive earthquake on 8 October 2005 in Azad Jammu and Kashmir leaving
more than three millions people homeless). As most developed countries don’t have any
mechanism to tackle these kinds of massive disasters. So after successful relief operation
government has started work of reconstruction and rehabilitation. So master plan project
was assigned to the University of Engineering and Technology Lahore, it was a great
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challenge because the need of the people was very urgent, and the contemporary planning
process was consuming, that’s why study required efficient planning groups data collection,
and analysis. The new planning approach has been named as “Intelligent Master Planning
for Disaster Afflicted Area” and it heavily relied on state-of-the-art remote sensing and
GIS technologies, including the use of computer-based data sheets and analytical tools
such as MS Excel 2003 ((Microsoft Corporation, Redmond, WA, USA)) and IBM SPSS
Statistics 16.0 (IBM Corporation, Armonk, NY, USA) for statistical analysis. They have used
14 different assessment criteria (Time Saving, Effective in disaster afflicted difficult areas,
Resource mobilization at the start of a project, Involvement of manpower resources, Maps
updating and reproduction, Statistical and analytically choices and opportunities, Spatial
data analysis, and thematic maps production, Graphics, and illustrative capabilities, Data
transfer-ability, Periodic revision of plan and updating facility, Quick and rational decision-
making abilities, Degree of public participation, Spatial and statistical data coverage,
Conformity and adaptability with the cutting-edge technologies) on the behalf of all those
criteria IMP proved more advantages then CMP. Therefore study propose the adoption of
IMP as a modular approach, time-efficient, intelligent, detailed, and disaster sensitive.

PS12: In this paper authors [32] propose a generic decision support model dealing
with various sectors (education, housing, and health) that could need after disaster applied
through software module to automatically assign a priority value to sets of reconstruction
projects in a post-disaster phase. Basically, this article covers damage areas and the priority
of reconstruction projects. The objective is to support the decision-makers that are not
experts in post-disaster management and that have to take complex decisions related to
many parameters: evolution of the disaster effects, population needs in different vital
sectors, etc. Multi-Criteria Decision Making process is basically decomposed into Modeling
Phase (to construct a decision model that captures the decision-maker preferences) and
Exploitation Phase(corresponding to define the priority). They have developed a tool
by using Myriad (Multi-Criteria decision tool which contains two sets of criteria weight
and interaction and each criteria is evaluated with the value between 0(bad) and 1(good))
which is based on post-disaster methodologies characteristics and consider only high
priority sectors like housings, health, education, transportation, energy, water, food, and
entertainment. The module first evaluates the relevance of each reconstruction project,
and next evaluates the relevance of sets of reconstruction projects taking into account the
context and the population needs. It implicitly represents synergies among projects. This
approach is implemented in the Destriero project demonstrator to support the prioritization
of the reconstruction project after a combination of disasters near Madrid.

PS13: In this paper authors [78] have described that natural disasters affect the built
environment’s infrastructure and disturb the economic sector’s sustainability and welfare.
This requires a disaster recovery decision support tool that capitalizes on the redevelop-
ment opportunities to elevate societies to a more-sustainable and less-vulnerable status. As
such, this paper presents an agent-based model approach that aims to meet the objectives
of stakeholders while decreasing the community’s economic vulnerability. Agent behavior
considered three assumptions which are Agents are interdependent, Agents follow simple
rules, Agents are adaptive. Proposed agent-based model represents the residents of the
impacted community, the economic sector, insurance companies, and disaster recovery
plans. In addition, the model presents Local Disaster Recovery Management (LDRM),
State Disaster Recovery Coordinator (SDRC), and Federal Disaster Recovery Coordina-
tor (FDRC). Accordingly, the proposed model adopts a five-step research methodology:
(1) implementing a comprehensive economic vulnerability assessment tool; (2) developing
the objective functions and learning algorithms of the associated stakeholders; (3) modeling
the different attributes and potential strategies of the various stakeholders; (4) creating
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an interdependent agent-based model that simulates the aforementioned information; and
(5) interpreting and analyzing the results generated from the developed model. The model
is developed and tested on the post-Katrina residential housing and economic-financial
recovery in three Mississippi coastal counties. The model proposed an evolving optimal
budget distribution that decreased the economic vulnerability and increased the residen-
tial and economic recovery. Ultimately, the holistic framework utilized in this study lays
down the foundation for a new generation of interdisciplinary managerial decision-making
support tools.

PS14: Ref. [84] proposes theoretical model for post-disaster planning using regional
and local level plans. The suggested model consists of three phases which are enabling
phase, reconstruction planning phase, and reconstruction implementation phase. The main
focus of this proposed framework is to make effective management during post-disaster
housing reconstruction.

PS15: In this paper [32] proposed a multi-criteria decision model to take a complex
decision in a post-disaster situation to reconstruct the damaged area by considering several
parameters like damage level in the affected area (number of damaged houses, schools,
hospitals, and transportation), the interconnection between damage buildings and to
prioritize reconstruction projects. They have validated this model on fictive examples but
later they will do it evaluation on real data.

PS16: Ref. [85] describe the overall government reconstruction plan after a massive
earthquake in Wenchuan in western China. In this reconstruction strategy’s poverty of
affected people is the main attribute due to this they have given priority to settle rural areas
first to facilitate poor people. According to research although some resources were not used
for the poor population because resources were allocated on behalf of damage assessment.

PS17: Ref. [86] have described about community participation in reconstruction
planning. According to this approach “where”, “why” and “how” users can be involved in
the technical design process and decision making where their contribution leads to positive
results and outcomes. Ref. [86] have validated this approach on four different post-disaster
housing reconstruction projects: one in Colombia, one in El Salvador, and two in Turkey.

PS18: Ref. [34] describes post-disaster housing reconstruction mechanism and policy
implementation in Dujiangyan central city. In this model, multiple entities (like market and
social institutions) played a vital role in the economic and early completion of buildings
reconstruction. But this paper is just elaborating on conventional methods not taking into
account cutting-edge technologies to handle the post-disaster situation.

PS19: Ref. [87] describe socio-economic and spatial polarisation framework which is
used to recover damaged houses including reconstruction policy which has been defined
after Great Hanshin Earthquake in Japan. In this framework, two-tier policy is introduced
one is self-help group like people can reconstruct their own houses at market price and the
second one is public housing or residential welfare housing directly provided to poor and
needy people after reconstruction.

PS20: Ref. [88] present social capital role in post-disaster rehabilitation and recon-
struction. According to this model people actively participate and deeply involved in
reconstruction programs to make a successful and speedy recovery. Additionally, in this
reconstruction model, people have the highest satisfaction rate as well rehabilitation speed.
This model is successfully validated in Kobe (Japan) and Gujarat (India) earthquakes.

PS21: Ref. [89] proposed a framework for managing resources during post-disaster
situations including stakeholders need, legislation and policy for reconstruction, the ca-
pacity of the construction industry to rebuild the buildings, enhance the capacity of a
transportation network, and incorporating environmental considerations to reconstruct
damaged infrastructure and buildings. According to authors [89] main motivation behind
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this framework is the post-Wenchuan earthquake reconstruction process because they have
faced a bottleneck to manage resources.

PS22: Ref. [90] proposes a framework for strategic planning to make temporary
houses in a post-disaster situation by considering physical, social, economic, and organiza-
tional aspects. For analysis of this framework, six case studies have been considered for
temporary housing which is Greece in 1986, Turkey and Colombia in 1999, Japan in 1995,
Mexico in 1985, and Italy in 1976.

PS23: Ref. [91] describes owner-driven reconstruction approach after 2005 Kashmir
and 2013 Awaran earthquakes in Pakistan. This approach is based on private housing and
become very successful for safe housing and to complete reconstruction in time. But still,
there was a delay in some buildings because of participation of different agencies and took
time in decision-making and coordination about the reconstruction process.

PS24: Ref. [92] proposed methodology by using Unmanned Aerial Vehicles (UAV)
for 3D modeling of damage or collapsed buildings for reconstruction. In this method, they
have used commercial and open-source tools for 3D modeling and computational time is
very fast depending upon the number of damaged infrastructure.

PS25: Ref. [64] have used the entropy method for posy-disaster decision making in the
proposed framework to define prioritization strategy about damaged bridges or buildings
on behalf of available data. They applied the proposed framework to Nisqually earthquake.

PS26: According to [93] post-disaster reconstruction process after 5.12 Wenchuan
earthquake was really difficult, complex, and time taking. In their research, they took
public opinions during the reconstruction process to consider their social benefits.

PS27: Ref. [94] introduced a framework where they have proposed the use of
collaborative photogrammetry to involve disaster-affected people during the planning and
reconstruction process. They have validated this approach in sample small data set by a
group of citizen-scientists after the 2016 Central Italy earthquake.

PS28: Ref. [95] have proposed an optimization model by using Bean Optimization
Algorithm (BOA) based on fuzzy preference relation. According to this model in a post-
disaster situation reconstruction of public services will get priority. The proposed model is
validated post-earthquake reconstruction in China.

PS29: Ref. [80] proposed framework called post-disaster reconstruction planning
supporting system (PRPSS) to reconstruct damaged buildings supporting system by using
35S technique planning for information extraction of the damaged area, assessment of
damage cost, reconstruction planning, and so on.

PS30: Ref. [96] proposed an innovative polynomial-time online algorithm for road
reconstruction in a post-disaster situation because roads play a vital role to evacuate
people and reconstructing damaged buildings. Additionally, they [96] have checked the
performance of the proposed algorithm with others on Istanbul road network and show its
performance is much superior to others.

PS31: Ref. [97] have proposed reinforcement measures and suggestions during
post-disaster reconstruction after the M8.1 earthquake happened near Pokhara, Nepal.
They have used finite element software for reconstruction modeling. Additionally, they
have considered transmission path of structure, stiffness, consistency of structure, and
site selection.

PS32: Ref. [98] proposed a BIM-based post-disaster reconstruction framework called
Virtual Permitting Framework (VPF) to improve the quality and to recover damage as-
sets. VPF consisted of five components which are: (i) Buildings inspection and damage
assessment (ii) classification of damages into different groups (iii) database of damaged
buildings (storage) (iv) reconstruction type with local state regulation (v) virtual permitting
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(vi) decision about approval/rejection of construction unit. The proposed framework was
successfully validated on the city of Gainesville data set.

PS33: Ref. [99] present a methodical framework for effective management and for
reconstruction of buildings in post-disaster situation. Key attributes in the proposed
framework are effective management during reconstruction, consideration of affected com-
munities, and involvement of all key stakeholders to take input for the reconstruction plan.

PS34: Ref. [83] present an approach for residential environment planning by con-
sidering reconstruction site, planning of the system, maintaining local culture, building
design, psychological reconstruction, and keeping intact social and cultural environment
for establishing a good quality of life of local residents.

PS35: Ref. [100] present an approach that is based on a collection of information like
the design before reconstruction, required stiffness of walls which is increased by using
cement, technical regulation for reconstruction are considered.

PS36: Ref. [82] have described the “hematopoietic type” post-disaster reconstruction
model which is used in Wenchuan County in Longmen mountain of Sichuan province.
In this model, key attributes are infrastructure improvement, education, environment.
economic growth, and protection of historical and cultural aspects.

PS37: Ref. [101] present CM-agent model approach is used to solve construction
management problem in post-disaster situation. Additionally, this model has the capability
to work on “sound and rapid” (without any influence of other stakeholders) construction
requirements, can solve public project management problems, and to make ensure the
execution of public projects successfully in post-disaster reconstruction.

PS38: The approach proposed by [102] for post-disaster reconstruction in Lueyang
county based on analyses of rebuilding houses layout and reconstructing low-cost and
affordable houses on a priority basis.

PS39: Ref. [103] present an approach that gives the accurate design of rural housing
reconstruction with respect to a lifestyle of residential users. Additionally, housing recon-
struction becomes a source of economic revelry including ecological and energy-saving
technique for making an economical residence.

PS40: Ref. [30] proposed an approach to speed up reconstruction in at Sanriku coast
areas that were affected by Great East Japan Earthquake. They have followed two policies
in this model, first one is 3D model to visualize reconstruction plans and the second one is
to train the local people that can build 3D models for reconstruction plans by considering
all basic entities s like roads, bridges, railways, and buildings.

PS41: Ref. [81] have proposed an approach to reconstruct damaged buildings after
one year of 2016 Kumamoto earthquake after gathering information with the help of high-
resolution satellite data of Worldview-3. They have used Gray-Level Co-occurrence Matrix
(GLCM) for calculation of texture index, and analysis shows there is too much difference
with respect to building damage level and recovery situation.

PS42: Ref. [79] reviews post-disaster management strategies for the analysis and
management by using a top-down approach after 2008 Wenchuan Earthquake. For this
purpose, they have used two different plans which are “Overall Plan for Post-Wenchuan
Earthquake Recovery” and “Reconstruction and the City/I-own System Plan for Post-
Wenchuan Earthquake Recovery and Reconstruction” by considering different strategies to
make reconstruction plan on behalf of available resources and funds.

PS43: Ref. [104] proposed an approach for reconstruction of roads including estimation
of repairing cost on behalf of total damage area in a post-disaster situation. In this approach,
they also consider bridges, tunnels, and pavements as a part of roads reconstruction.
Additionally, they [104] also describe rehabilitation duration for reconstruction with cost.
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PS44: Ref. [105] proposed framework for post-earthquake reconstruction which claims
proper institutional arrangements can make reconstruction and recovery process fast. They
justified their claim with Weizhou Town reconstruction which is consisted of both long-term
and short-term reconstruction of a public building with public facilities. Additionally, this
approach is a much better top-down approach and rapid reconstruction process.

PS45: Ref. [106] proposed a mechanism for post-disaster reconstruction based on
index system to restore the living and to reconstruct damaged buildings and other facilities.
They [106] have used the quintile grading method to improve the accuracy of the model by
using DIDF method. Validation of this approach is done by empirical analysis of China’s
31 provinces.

PS46: Ref. [9] proposed a post-disaster recovery model to define the priority of
reconstruction plans of damage projects/facilities on behalf of socioeconomic factors of
affected communities with minimum time and cost. They have used AHP (Analytical
Hierarchy Process) for decision making, and an optimization model for resource allocation.
For evaluation, they have applied this model on counties (called parishes) data. In [9]
they didn’t consider damage physical dependencies among reconstruction units and their
priority to reconstruct but our model explicitly considering.

PS47: Ref. [65] proposed a model for the reconstruction of roads and removing debris
in a post-disaster situation. They have used two-stage methodology Steiner Tree Model
(to check roads that need to be reconstructed first) and Scheduling Algorithm (Scheduling
for restoring roads and crews assignment). For verification, they applied this technique on
1994 Northridge California Earthquake data.

PS48: Ref. [107] proposed an innovative approach for the dynamic evolution of
disasters to assess post-damage facilities to help planners for making the right decision
on behalf of available information. They have used web-based technologies for collection
and analysis of damage territory data. For validation of this approach, they have used
Tacloban city data in the Philippines which was affected by Super Typhoon Haiyan in
November 2013.

PS49: Ref. [108] present an approach to prioritize damage facilities on behalf of social
and economic benefits including resource allocation for reconstruction in a post-disaster
situation. They have validated this model with the help of different tools like Federal
Emergency Management Agency and GIS.

PS50: Ref. [109] proposed a framework for post-disaster reconstruction called “Build-
ing Back Better” which considers five different attributes before starting reconstruction
of any damaged unit. Those attributes are financial/economic, social, organizational,
and environmental.

PS51: Ref. [110] proposed an approach for reconstruction planning which is consisted
of four steps: (i) use agile approach for planning and implementation (ii) specific time
for gaining community trust (iii) usage of technologies, expert labor and quality material
for hazard-safety housing (iv) capacity building of community until reconstruction work
complete. Authors have validated this approach [110] on four different case studies.

PS52: Ref. [66] proposed an approach for post-earthquake reconstruction planning by
using DDOQN reinforcement learning algorithm. In this approach, they have considered all
compulsory attributes like social benefits of affected people, political priority, time, and
cost to reconstruct damaged buildings and roads. They have validated the approach by
applying it to L’Aquila city which was affected by the earthquake in 2009.

PS53: Ref. [67] proposed an approach in which they presents a robotic crane system
using Proximal Policy Optimization (PPO), a reinforcement learning algorithm, to automate
construction material transport after earthquakes. Two models are trained—one with
obstacle awareness and one without—and tested in simulated tasks. The obstacle-aware
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model outperforms the other in safety, efficiency, and path planning. While effective in
simulations, further validation in real-world scenarios and comparison with other RL
methods are needed.

PS54: Ref. [111] proposed an approach which explores how suburban communities
can recover from floods more effectively, focusing on Kogi State, Nigeria. By comparing
cases from India and France, it identifies poor land use, weak building codes, and limited
planning as major challenges. The authors highlight practical solutions such as elevated
housing, better drainage systems, and sustainable land-use practices. They stress that
rebuilding after floods should not only restore homes but also improve resilience and sus-
tainability. The paper concludes that integrating disaster risk management and sustainable
design can help achieve safer, more resilient communities.

PS55: Ref. [68] proposed study examines how well post-disaster recovery and long-
term development were coordinated after the 2008 Wenchuan earthquake in China. Using
spatial and statistical analysis, the authors assess changes in the social, economic, and eco-
logical systems from 2009 to 2018. Results show that while recovery has improved overall,
progress remains uneven across regions. Some counties advanced quickly, while others
lagged behind due to resource and policy differences. The paper introduces a predictive
model to forecast recovery effectiveness and guide future reconstruction efforts. It high-
lights the importance of balanced regional development, sustainable planning, and govern-
ment support to maintain long-term resilience in disaster-affected areas.

Appendix B

Table A1. Primary studies distribution according to publication resources.
Pub. Venue Type Res. Topic No Ref
Computer—Aided givil a_nd Journal Re_construction Modelling by 1 PS1 [35]
infrastructure engineering using Software
SIGSPATIAL International
Conference on Advances in Conference Entropy method 1 PS25 [64]
Geographic
International Conference on
Research Challenges in Conference Reinforcement Learning 1 PS52 [66]
Information Science
Disasters, Crisis, Hazards,
Emergencies and Sustainable Journal Management Experts 1 PS14 [84]
Development
International Conference on
Mechanic Automation and Conference Civil Engineer 1 PS35[100]
Control Engineering
International journal of .
disaster risk reduction Journal Data Sciences 1 PS48[107]
Journal of Infrastructure
Systems Journal Agent Technology 1 PS2[78]
International Journal of .
Disaster Risk Science Journal Data Analytics 1 PS3[79]
International Conference on
Network-Based Information Conference Computer Aided Design 1 PS4 [30]
Systems (NBiS)
IEEE International Geoscience
and Remote Sensing Symposium Global Information System 1 PS5 [80]
Symposium
International Geoscience and Symposium Geographic Information 1 PS6 [29]

Remote Sensing Symposium

System
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Table A1. Cont.

Pub. Venue Type Res. Topic No Ref

IEEE International Geo science

and Remote Sensing Symposium Pixel-based method 1 PS7[81]

Symposium

International Conference on

Management Science and Conference Social Sciences 1 PS8 [82]

Engineering

International Conference on Social Sciences Discrete

Information Systems for Crisis ~ Conference . . X 3 PS10[83], PS45 [106], PS34 [83]

Analysis Social Sciences

Response and Management

International Conference on

Advances in Space Conference Intelligent Master Planning 1 PS11 [31]

Technologies

International Conference on

Information and .

Communication Technologies Conference Myriad Experts 1 PS12[32]

for Disaster Management

International Journal of .

Disaster Risk Reduction Journal Data Sciences 1 PS32[98]

International CIPA .

Symposium Symposium Photogrammetry 1 PS27[94]

Nepal. Engineer’s Association Journal Social Sciences 1 PS23[91]

Technical Journal

International Conference on

Network-Based Information Conference Modelling by using software 1 PS40 [30]

Systems

IEEE International Geo science Grav-Level Co-occurrence

and Remote Sensing Symposium Mat}r,ix 1 PS41 [81]

Symposium

Practical Action Publishing Book Chapter Social and Economic Experts 1 PS50 [109]

Apph?d Mechanics and Journal Social Sciences 1 PS26[93]

Materials

Procedia engineering Journal Management Experts 1 PS33[99]

International Conference on

Management Science and Conference Data Sciences 1 PS36 [82]

Engineering

Transportation Research Part :

B: Methodological Journal Transportation Research 1 PS30 [96]

Structures Journal E:icr?gn;t)rfuhcfi(;g Modelling by 1 PS31[97]

International Journal of Journal Social and Economic Experts 1 PS42[79]

Disaster Risk Science p

FIFnternatlona‘l J ournial of . Journal Social and Economic Experts 1 PS43[104]
ransportation Engineering

{Eour'nal of Management in Journal Analytical Hierarchy Process 1 PS46 [9]
nglr\eerlng

Apphgd Mechanics and Journal Social Sciences 1 PS9 [26]

Materials

Journal of infrastructure Journal Agent Technolo 1 PS13[78]

systems v 8 8y

Applied Geography Journal Social Sciences 1 PS16 [85]

Habitat international Journal %‘c’g‘;‘i rslfif’E‘i;Se'rSt‘s’C‘al and 2 PS17 [86], PS44 [105]

Progress in Disaster Science Journal Social and Economic Experts 1 PS18 [34] describes

Housing Studies Journal Social and Economic Experts 1 PS19[87]

Enternatlo{lal J ournz.al of Mass Journal Social and Economic Experts 1 PS20[88]
mergencies and Disasters

Disasters Journal Management experts, Social PS21 [89], PS22 [90]

and Economic Experts

Mult.lme:dla toolsand Journal Unmanned Aerial Vehicles 1 PS24[92]

applications

International Conference on

Computer Sciences and Conference Data Analytics 1 PS38[102]

Convergence Information
Technology
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Table A1. Cont.

Pub. Venue Type Res. Topic No Ref
International Conference on
Electric Technology and Civil Conference Social and Economic Experts 1 PS39[103]
Engineering

. Steiner Tree Model and
Operations Research Journal Scheduling Algorithm 1 PS47 [65]

International Conference on
Logistics Systems and Conference Agent Technology 1 PS37[101]
Intelligent Management

International Journal of Project

Management Journal Data Sciences 1 PS51[110]
IEEE Youth conference on

information, computing and Conference Fuzzy Relations 1 PS28[95]
telecommunications

IEEE International Geo science

and Remote Sensing Symposium 3S Planning Technique 1 PS29 [80]
Symposium

International Conference on

g‘égﬂiﬁ?&gﬂi Technologies Conference Decision Model 1 PS15[32]
for Disaster Management

Computing in Civil

Engineering 2019: Smart Cities, ~ Conference Modelling by using software 1 PS49[108]
Sustainability, and Resilience

gz;iﬁ;g;g %Iﬁgicrfezrrling 2023 Conference Data Science 1 PS53 [67]
American Journal of

Environment 1594 and Journal Decision Model 1 PS54 [111]
Climate (AJEC) 2025

Land 2025 Journal Data Science 1 PS55 [68]
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Abstract

Under the dual pressures of rapid urbanization and intense human socioeconomic activities,
habitat fragmentation and poor landscape connectivity have become critical issues in
cities. Constructing ecological networks is essential for maintaining urban ecosystem
health and promoting sustainable environmental development. It represents an effective
approach to balancing regional economic growth with ecological conservation. This study
focused on the Shenzhen Special Economic Zone. Ecological sources were identified using
Morphological Spatial Pattern Analysis (MSPA) and landscape connectivity assessment.
Circuit theory was applied to extract ecological corridors, ecological pinch points, and
ecological barriers. The importance levels of ecological corridors were classified to form an
ecological network. The network was optimized by adding ecological sources, stepping
stones, and restoring breakpoints. Its structure and functionality were evaluated before and
after optimization. The results indicate the following: (1) The core area in Shenzhen City
Area covers 426.67 km?, the largest proportion among landscape types. It exhibits high
fragmentation, low connectivity, and a spatial pattern characterized as “dense in the east
and west, sparse in the center.” (2) Seventeen ecological sources were identified, consisting
of 8 key sources, 5 important sources, and 4 general sources, accounting for 17.62% of
the total area. Key sources are mainly distributed in forested regions such as Wutong
Mountain, Maluan Mountain, Paiya Mountain, and Qiniang Mountain in the southeast.
(3) Twenty-six ecological corridors form a woven network, with a total length of 127.44 km.
Among these, 13 key corridors are concentrated in the eastern region, while 7 important
corridors and 6 general corridors are distributed in the western and central parts. Few
corridors exist in the southwest and southeast, leading to ecological flow interruption.
(4) The optimized ecological network includes 12 newly added ecological source areas,
20 optimized ecological corridors, 120 ecological pinch points, and 26 ecological barriers.
The maximum current value increased from 10.60 to 20.51, indicating significantly enhanced
connectivity. The results provide important guidance for green space planning, biodiversity
conservation, and ecosystem functionality enhancement in Shenzhen City Area.

Keywords: MSPA; circuit theory; ecological source areas; ecological corridors; ecological
networks; Shenzhen City
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1. Introduction

In modern urban development, ensuring ecological security and achieving harmony
between humans and nature are critical challenges for urban planning. Maintaining healthy,
orderly, and balanced regional ecosystems is essential for sustainable urban construction [1].
In Shenzhen City Area, rapid socioeconomic growth and urbanization have eroded ecologi-
cal patches and intensified landscape fragmentation. Natural habitats are being divided
by roads and built-up areas, reducing high-quality habitat space. This severely impedes
species dispersal, gene flow, and ecological processes. These changes not only threaten
local biodiversity but also weaken the city’s capacity to address environmental risks such
as floods and heat island effects. The service capacity of natural landscapes has been
significantly diminished [2,3]. Intensive land-use changes and construction activities have
further degraded the ecological environment. Large areas of forest, grassland, and farm-
land have been converted to built-up land. Transport infrastructure fragments patches,
accelerating habitat isolation [4]. Declining connectivity among landscape patches hinders
species migration and contributes to environmental issues including heat islands, floods,
smog, and water pollution [5]. Systematically developing ecological networks has become
essential for restoring ecological functions and promoting regional coordination in Shen-
zhen. China’s ecological civilization philosophy emphasizes synergistic management of
natural elements, proposing the “life community of mountains, waters, forests, farmlands,
lakes, and grasslands” concept [6]. This approach integrates ecological conservation into
urban and territorial spatial planning. Constructing ecological networks has been widely
advocated to reconnect fragmented habitats [7]. Ecological networks help maintain urban
ecosystem stability and sustainability. They facilitate energy flow and species migration
between patches [8,9], enhance functional connectivity among habitats, and counter the
long-term impacts of fragmentation. Ultimately, they serve as a vital pathway toward
building a territorial spatial pattern that harmonizes human activities with nature.

Ecological networks serve as a structural skeleton within ecosystems. They are critical
for maintaining ecosystem function and structural stability, providing essential conditions
for ecological conservation, species dispersal, and reproduction [10]. As global biodiversity
loss and ecosystem degradation intensify, ecological networks have become key scientific
tools and management approaches. They address urban habitat fragmentation and ob-
structed species migration [11]. Theoretically, research on ecological networks has deepened
the integration of landscape ecology and conservation biology. It has also spurred innova-
tions in research methodologies [12]. Practically, the construction of ecological networks
offers a scientific basis for ecological corridor planning and natural resource management.
This significantly enhances the safeguarding of ecological security [13]. Globally, stud-
ies on ecological networks focus on energy flow, connectivity, soil conservation, cultural
services, and sustainable development. These efforts improve habitat quality, promote func-
tional interaction within regional spatial structures, and facilitate ecosystem recovery and
health [14-16]. Recent advances emphasize structural optimization, security patterns, spa-
tial planning, and ecological restoration. Such focus is refining ecological network research
and providing clear guidance for territorial spatial planning [17-19]. Empirical studies
often concentrate on various urban contexts: mountainous, arid, tourism-oriented, coastal,
and central cities. These offer multi-level and multi-system practical insights for cities
with diverse topographies and functions. Ecological network construction is undertaken
at regional, urban, and sub-district scales. Research covers biodiversity, forests, nature
reserves, water bodies, green spaces, and wetlands [20]. At macro-regional and urban-
agglomeration scales, ecological networks guide ecological restoration and protection [21].
At medium-city scales, they support ecosystem planning strategies [22]. At micro-district
scales, they promote sustainable development [23]. In terms of research methodology, the
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process of “ecological source identification—resistance surface construction—ecological
corridor extraction” is regarded as a new paradigm for ecological network construction [24].
Ecological source identification primarily involves direct identification methods and com-
prehensive evaluation identification methods, which can identify potential ecological
patches but struggle to precisely study the internal structure and spatial morphology of
the study area [24]. Barrier surface construction heavily relies on land use type assignment
and landscape pattern indices, both of which suffer from limitations such as subjectivity,
data dependency, and insufficient spatial heterogeneity [25]. Ecological corridor extraction
commonly employs minimum resistance models and graph theory methods [26]. Existing
approaches generate only single optimal pathways, neglecting species’ multi-path diffusion
behavior and failing to reflect the randomness and diversity of migration [27].

Based on the multi-dimensional perspectives and empirical evidence analyzed above,
current research on ecological network construction still exhibits several significant limita-
tions: First, there is a lack of comprehensiveness. Although existing studies cover various
city types, they rarely include super-large cities with rapid economic growth like Shenzhen.
This gap hinders the development of a systematic understanding at the national level.
As a core part of Guangdong’s “One Core, One Belt, One Area” regional development
strategy, Shenzhen faces intense resource and environmental constraints due to extreme
urbanization. The city exhibits pronounced habitat fragmentation, insufficient ecological
corridors, and an underdeveloped ecological network, leading to declining biodiversity,
constrained sustainable development, and disruption of regional ecosystem equilibrium.
It stands as a typical example of the ecological challenges confronting super-large cities
in China. Second, identification is emphasized over optimization. Most studies focus
on static analyses of ecological network structure, paying insufficient attention to active
optimization strategies. Systematic design and effectiveness evaluation of measures such
as repairing broken corridors, adding stepping-stone patches, and expanding ecological
sources are often neglected. As a result, research outcomes are seldom integrated into
practical territorial spatial planning. Third, evaluation methods are oversimplified. As-
sessments predominantly rely on structural indicators such as landscape pattern indices,
while functional aspects of ecological networks—such as changes in landscape connectivity
and current density—are rarely quantified or compared. This narrow approach limits
comprehensive understanding of optimization outcomes. Fourth, approaches are poorly
adapted to high-density cities. For super-large cities like Shenzhen, where built-up land
predominates and ecological space is highly limited, there is still a lack of refined and
operable methodologies for efficiently restoring ecological networks within tightly con-
strained spaces. Fifth, there are limitations to the methodology. Traditional approaches
struggle to account for both the spatial structure of landscapes and the random diffusion
processes of ecological flows, failing to adequately simulate the multi-path nature of species
migration. This leads to biases in assessing ecological network connectivity. Morphological
Spatial Pattern Analysis (MSPA) is a technique capable of decomposing landscapes across
multiple scales. It effectively identifies seven key landscape elements—including core areas,
bridging zones, and isolated patches—enabling precise extraction of source patches with
high ecological value. Building upon the landscape pattern delineation by MSPA, circuit
theory is integrated to simulate species” random diffusion processes within the landscape.
By analyzing current density, multiple potential migration corridors and critical pinch
points are identified, overcoming the limitations of single-path analysis to more accurately
reflect ecological functional connectivity.

Based on the various research methodologies and empirical cases discussed earlier, the
approach integrating MSPA (Morphological Spatial Pattern Analysis) with circuit theory
addresses shortcomings in existing methods for constructing ecological networks and
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identifying critical ecological corridors. It overcomes limitations of traditional methods
in highly fragmented ecosystems, precisely revealing the key patterns and vulnerable
links within Shenzhen’s ecological network. This enables multi-scale, comprehensive, and
precise assessment of ecological connectivity, facilitating ecological network construction
in intensively developed areas. Based on this framework, our study takes Shenzhen City
as a research case. We applied Morphological Spatial Pattern Analysis (MSPA) to identify
ecological sources and generated an ecological resistance surface. Using circuit theory, we
extracted ecological corridors, pinch points, and barriers to construct an ecological network.
The network was then optimized by adding ecological sources, corridors, stepping stones,
and repairing breakpoints. Finally, the ecological network was evaluated both structurally
and functionally before and after optimization. This research aims to offer new insights for
spatial planning, ecological network construction, and enhanced ecological conservation
functions in other cities.

2. Materials and Methods
2.1. Study Area

Shenzhen is a highly urbanized, super-large special economic zone in southern China’s
coastal region (22°27'-22°52' N, 113°46'-114°37 E) (Figure 1). As one of China’s first special
economic zones, it is recognized as a national innovative city and a modern marine city.
Located on the eastern shore of the Pearl River Estuary, Shenzhen is closely connected
to cities such as Hong Kong, Dongguan, and Huizhou, serving as a core area within
the Guangdong-Hong Kong-Macao Greater Bay Area. The construction of an ecological
network in Shenzhen is not only vital for the city’s own sustainable development but
also critically important for the health and security of the regional macro-ecosystem. The
integrity and connectivity of its ecological system directly influence the ecological security
pattern of the entire Pearl River Delta region.

s
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Figure 1. Location and land use types in Shenzhen city.

Shenzhen is endowed with a unique and ecologically significant natural landscape,
featuring diverse topography including hills, plains, and coastal wetlands. Within the
city, there are 362 rivers with watershed areas exceeding 1 km?. Tt is also home to four
nature reserves, nine forest parks, and ten wetland parks. The area is rich in biodiversity,
hosting dozens of plant and animal species under national key protection. Moreover,
Shenzhen serves as a critical node along the East Asian—Australasian Flyway for migratory
birds. However, under rapid urbanization, ecological spaces in Shenzhen have been
continuously encroached upon, leading to prominent habitat fragmentation. Natural
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habitats are dissected by roads and built-up areas, severely hindering species dispersal,
genetic exchange, and ecological processes. This not only threatens local biodiversity but
also weakens the city’s capacity to mitigate environmental risks such as floods and heat
island effects. In this context, systematically advancing the construction of an ecological
network has become an essential strategy for Shenzhen to restore ecological functions and
promote regional coordinated development. By identifying and integrating key ecological
patches, and establishing ecological corridors and stepping-stone systems, the ecological
network effectively restores landscape connectivity, safeguards animal and plant migration
and reproduction, and enhances ecosystem services. On a broader scale, the construction
of ecological corridors in Shenzhen will help connect the eastern and western sides of the
Pearl River Estuary and link the ecological barriers between Shenzhen, Dongguan, and
Huizhou. It plays an irreplaceable strategic role in building a structurally complete and
functionally sound ecological security network for the Greater Bay Area. This initiative
not only meets urban residents’” demand for a high-quality ecological environment but
also fulfills vital regional functions such as water conservation, climate regulation, and
biodiversity maintenance. Therefore, promoting the development of Shenzhen’s ecological
network is both a crucial pathway to alleviating conflicts between urban development and
ecological conservation, and a core measure supporting high-quality development in the
Guangdong-Hong Kong-Macao Greater Bay Area and achieving harmonious coexistence
between humans and nature.

2.2. Data Sources

The types and sources of fundamental data used in this study are listed in Table 1.
All spatial data were projected to the WGS_1984_UTM_Zone_50N coordinate system.
Using ArcGIS 10.2 software, the data underwent preprocessing and geometric correction
through radiometric calibration, clipping, and atmospheric correction. All raster data for
Shenzhen were standardized to a uniform resolution of 30 m x 30 m, ensuring data quality
and compatibility.

Table 1. Data sources.

Data Type Data Source Format Year Resolution
- . . Standard Map Service System of the
?ir;umstratlve division Ministry of Natural Resources of China Xii&t\m 2024 -
(http:/ /bzdt.ch.mnr.gov.cn/)
Chinese Academy of Sciences Resource
Land use data and Environment Science Data Center 2024 30 m
(https:/ /www.resdc.cn/) Raster data
Geospatial Data Cloud Website
DEM data (https:/ /www.gscloud.cn/) 2024 125m
Normalized Difference China Qinghai-Tibet Plateau Scientific 2024 30m
Vegetation Index (NDVI)  Data Center (https://data.tpdc.ac.cn/)
OpenStreetMap )
Road data (https:/ /edithistory.peterboswell.net/) Vector data 2024
. Geospatial Data Cloud Website
River data (https:/ /www.gscloud.cn/) 2024 )
Soil data Soil Science Data Center Raster data 2024 30 m

(https:/ /soil.geodata.cn/)
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2.3. Methods

Currently, a new research paradigm has been established for the construction and
optimization of ecological networks: “identification of ecological sources—construction of
resistance surfaces—extraction of ecological corridors—identification of key areas” [28]. Eco-
logical sources function as starting points for the outward diffusion of ecological flows.
They are specific habitats crucial for promoting species movement, maintaining biodiversity,
and enhancing regional ecological health and resilience [29]. The selection of ecological
sources directly affects the overall stability of the ecological network. Most current studies
use methods such as direct identification, ecosystem service assessment, and ecological sen-
sitivity evaluation to identify ecological sources [30]. These approaches often directly extract
nature reserves or areas of good ecological quality as ecological sources. However, they
tend to overlook interactions between different ecosystem services or ecological elements,
lacking a certain degree of objectivity [31]. In contrast, the Morphological Spatial Pattern
Analysis (MSPA) model is based on graph theory principles. It operates on raster data to
classify land cover types. This enables precise differentiation of land and landscape spatial
structures. Morphological Spatial Pattern Analysis (MSPA) can identify key ecological
habitats that significantly contribute to landscape connectivity within the study area [32,33].
The method offers greater compatibility, effectiveness, and scientific rigor in identifying
ecological sources. It also improves the rationality of using the Minimum Cumulative
Resistance (MCR) model in constructing ecological networks [34,35]. The ecological resis-
tance surface is the most fundamental component of ecological network construction and
serves as the prerequisite for extracting ecological corridors. Previous studies have often
assigned resistance values directly based on land use types, followed by modifications using
impervious surface indices and nighttime light data [36]. However, such approaches fail to
account for spatial heterogeneity within the same land use category, as well as the influences
of topography and human activities [37,38]. This study improves the objectivity, rationality,
and accuracy of resistance surface setup by integrating multiple factors, including land
use type, elevation, hydrographic features, soil conditions, and landscape pattern metrics.
Ecological corridors act as bridges for the flow and exchange of organisms and energy
between ecological sources. The interconnection of these corridors forms an ecological
network, making them core elements of its structure. Currently, the Minimum Cumulative
Resistance (MCR) model is the primary method for identifying ecological corridors [39,40].
However, the MCR model only predicts the general direction of movement corridors with-
out delineating specific widths or identifying key nodes, resulting in limited functional
attributes [41]. It also struggles to simulate the randomness of species movement and
does not support further analysis of corridor width or ecological node identification [42,43].
Circuit theory integrates physical concepts such as current density and resistance values
into ecological network construction. It conceptualizes the landscape as an electrical circuit,
with the entire study area acting as a conductive surface [44]. Each grid cell is assigned a
specific “resistance” to organism movement, and the migration or dispersal processes of
species or ecological factors are simulated using randomly walking electrons [45]. Through
iterative calculations of current input between corridors and sources, areas where current
(representing biological flow) must pass through are identified as ecological “pinch points”.
These nodes indicate locations with a very high probability of ecological flow and limited
alternative pathways [46,47], making them critical for maintaining landscape connectiv-
ity. Areas that obstruct current movement between corridors are identified as ecological
“barriers” [48]. These zones, which often exhibit high resistance values or contain blocking
features, negatively affect corridor formation or maintenance. Their removal or improve-
ment can enhance corridor connectivity and quality. A key advantage of circuit theory is
its capacity to evaluate all possible pathways across the landscape. It not only identifies
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potential corridors but also locates key ecological nodes critical for certain ecological pro-
cesses [49]. This provides detailed spatial information that addresses limitations of existing
models in representing ecological exchange, thus offering a scientific basis for pinpointing
ecological pinch points and barriers [50]. Circuit theory has been widely applied in studies
of landscape connectivity, animal migration route identification, and ecological security
pattern construction [51,52]. It provides clear guidance for ecosystem restoration and the
optimization of ecological networks.

2.3.1. Ecological Source Identification Based on MSPA and Landscape
Connectivity Assessment

Ecological sources form the foundation of ecological network construction. They are
complexes composed of various natural ecosystems, including forest patches, wetland
systems, water bodies, and large green spaces [53]. Dominated by woodlands, water areas,
and wetlands, these zones provide habitats, breeding grounds, and migration corridors for
species, serving as core carriers for biodiversity conservation [53]. Ecological sources such
as forests and wetlands play a key role in carbon sequestration by fixing carbon dioxide
through photosynthesis, while also mitigating the urban heat island effect [53]. Further-
more, they regulate the regional water cycle by intercepting precipitation and conserving
water resources, functioning as critical starting and regulating points in aquatic ecological
processes. As such, ecological sources represent comprehensive and central ecological
spaces that integrate multiple ecosystem functions [54]. Morphological Spatial Pattern
Analysis (MSPA) is a spatial pattern identification method based on image morphology
theory. It uses mathematical morphological operations to segment the spatial structure of
raster data, thereby classifying land use and generating landscape ecological patches at the
pixel level [21]. This method accounts for the effects of landscape fragmentation, empha-
sizes structural connectivity, and enhances the objectivity of source area evaluation [29].
Using GuidosToolbox 3.0 software, forest and water bodies with the highest habitat quality
were selected as the foreground. The landscape of Shenzhen was classified into seven types:
Core, Islet, Loop, Bridge, Edge, Perforation, and Branch. Core areas contribute to enhancing
habitat quality stability. Larger core areas exhibit higher connectivity, which facilitates
energy transfer and species dispersal [55]. Landscape connectivity regulates the efficiency
of material cycling and energy flow, playing a key role in biodiversity conservation [23].
Landscape connectivity indices enable a shift from qualitative research to quantitative
management of conservation objectives, transitioning the focus from individual ecological
patches to the optimization of entire networks. The quantitative results directly support the
goals of ecological control line optimization, ecological corridor construction, and territorial
planning, significantly improving the precision and effectiveness of urban ecological gover-
nance [36]. Based on this approach, this study identified ecological sources by quantifying
ecological patch size and landscape connectivity, thereby supporting the construction and
optimization of the ecological network.

In this study, the Morphological Spatial Pattern Analysis (MSPA) model was first
applied to extract core area patches larger than 10 km? as candidate ecological sources.
Subsequently, Conefor Sensinode 2.6 software was used to develop landscape connectivity
index (PC) and patch importance index (dPC) models for analyzing connectivity character-
istics. These models facilitated the identification of ecological sources and the classification
of their importance. The calculation formulas are as follows:
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In the equation: n represents the total number of ecological patches; a; and a; are

dPC = @)

the areas of patches i and j, respectively; p;* is the maximum probability of migration
between patches i and j; Ay is the total area of all landscape types in Shenzhen; PC is the
connectivity index of ecological patches, with higher PC values (0 < PC < 1) indicating
higher landscape connectivity; dPC is the patch importance index, indicating the impor-
tance of existing ecological patches in maintaining landscape connectivity; PCremove is the
landscape connectivity index after removing a specific ecological patch.

2.3.2. Ecological Resistance Surface Construction

During migration and dispersal, species must overcome certain resistance. By assign-
ing resistance values for dispersal from ecological sources to other landscape units, the
accessibility and connectivity of these sources can be evaluated [56]. Different landscape
types and topographic features result in varying degrees of landscape resistance, which
hinders species exchange and energy flow between sources. Frequent human activities
also pose significant resistance to the expansion of ecological sources, as increased human
presence further impedes species migration [57]. This study integrated factors such as
land cover, topographic conditions, and ecological stressors, focusing on 10 types of resis-
tance factors that effectively reflect terrestrial landscape characteristics and human activity
intensity (Table 2). An ecological resistance surface was constructed by classifying each
resistance factor into five levels, with higher values indicating greater resistance. These fac-
tors effectively characterize terrestrial habitat suitability and obstacles to species movement,
providing critical support for identifying terrestrial ecosystem-based sources, corridors,
pinch points, and barrier areas [58]. The entropy weight method and analytic hierarchy
process (AHP) were employed to assign weights to the 10 resistance factors. Building
on existing research, 25 domain experts were invited to score each factor based on its
importance. Using AHP, a hierarchical indicator structure was constructed, and consistency
checks were performed through pairwise comparisons to determine the subjective weights
W;. The original expert evaluation data were then normalized, and an entropy matrix
was established for each resistance factor based on entropy calculation formulas to derive
objective weights Wj. The entropy weight method offers an objective weighting approach
that effectively minimizes errors caused by information overlap and redundancy among
resistance factors. In contrast, AHP is straightforward to compute but relatively subjective.
Therefore, this study integrated both methods by modifying the AHP results using the
entropy weight method, resulting in comprehensive weights Wj; (Table 2) that incorporate
both expert knowledge and inherent data patterns. Finally, the raster calculation module in
ArcGIS 10.2 was used to perform weighted overlay of all resistance factors, generating a
comprehensive resistance surface for the study area. The calculation formula is as follows:

105
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In the equation: i and j represent the serial numbers of each resistance factor in
Shenzhen City Area; m is the number of experts; W; represents the subjective weight
of the i-th resistance factor calculated through the Analytic Hierarchy Process (AHP);
W; represents the objective weight of the j-th resistance factor calculated through the
entropy weight method; Wj; represents the final comprehensive weight of the i-th (or j-th)
resistance factor.
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Table 2. Classification and weight values of ecological resistance factors in Shenzhen.

Resistance Score

Resistance Factor Weight
10 20 30 40 50
Elevation 0.0652 [0, 5] (5,20] (20, 35] (35, 50] >50
Slope 0.0358 [0, 200] (200, 400] (400, 600] (600, 800] >800
Normalized Difference
Vegetation Index 0.1221 (0.75, 1] (0.5, 0.75] (0.25, 0.5] (0, 0.25] 0, —0.2]
DISta“ffV f:rom the 0.0407 [0, 350] (350, 700] (700, 1050] (1050, 1400] >1400
Red soil, Coastal saline
Soil 0.0612 Red soil Rice soil Tidal soil Yellow-red soil
soil
Grassland, Bare ground, Impervious
Land use 0.1828 Forest Shrubs Farmland Water body surface
Dlsmx‘fvzo;“ the 0.1104 >2000 (1500,2000] (1000, 1500] (500, 1000] [0, 500]
Distance to highway 0.0798 >2000 (1500, 2000] (1000, 1500] (500, 1000] [0, 500]
Distance from major 54 [0, 350] (350, 700] (700,1050] (1050, 1400] >1400
city roads
. Perforation,
MSPA landscape type 0.2376 Core Bridge Branch, Loop Edge, Islet Background

2.3.3. Extraction of Corridors, Pinch Points, and Barrier Points Based on Circuit Theory

The introduction of circuit theory into the calculation of biological migration corridors
is primarily based on the following three theoretical foundations [44,45]:Firstly, the path ran-
domness in biological migration processes resembles the random walk of electric charges in
circuits. Secondly, different landscape types exert varying degrees of resistance to biological
movement, analogous to electrical resistors in circuits, enabling the conceptualization of
landscape types as resistance units. Thirdly, compared to traditional minimum resistance
models, circuit theory more accurately reflects real ecological processes. It allows for the
identification of optimal migration corridors and key pinch point areas by calculating paths
of energy consumption. Based on these principles, this study applied circuit theory to
extract core components in the construction of the ecological network.

(1) Identification of Ecological Corridors

Ecological corridors facilitate cross-regional species exchange and dispersal from core
habitats to peripheral areas by reducing migration resistance. They effectively mitigate
predation risks and human-induced disturbances during species movement, serving as vital
ecological passageways for biological migration [59]. In the process of gene flow, ecological
corridors act as transmission media—a function reflecting their deeper value—directly
influencing the genetic structure of populations and biodiversity. Simultaneously, they form
a restorative network that enhances ecological resilience, strengthening an ecosystem’s
capacity to resist, recover from, and adapt to disturbances [8]. As key pathways for material
cycling, energy flow, and information transfer between ecological sources [41], ecological
corridors can be equated to current pathways in circuit theory. Circuit theory, in turn,
reflects the relative importance of corridors based on current intensity between sources,
thereby predicting species dispersal and migration patterns and identifying movement
routes [60]. To better simulate the randomness of biological migration and identify least-
cost paths between ecological sources, this study applied the principles of circuit theory.
Using the Linkage Mapper tool coupled with ecological sources and a comprehensive
resistance surface, ecological corridors were extracted. Their importance was classified
through quantification of flow centrality [61].
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(2) Identification of Ecological Pinch Points

Ecological pinch points refer to areas where ecological current is concentrated and of high
intensity. Species experience lower resistance when moving through these regions, facilitating
ecological flows between habitats [62]. In this study, the Pinch Point Mapper 3.0 tool in
Linkage Mapper was used to quantify current between sources to identify key pathways and
locations for species movement. Areas with high cumulative current values were identified as
ecological pinch points [63]. These zones experience frequent ecological processes and have
high irreplaceability for species passage, making them critical nodes in constructing ecological
security patterns. They play a fundamental role in maintaining landscape connectivity [64].

(3) Identification of Ecological Barriers

Ecological barriers refer to areas that significantly impede species migration between
sources, hindering effective connectivity between habitats. Identifying and improving
these barriers is crucial for enhancing the connectivity of ecological corridors [65]. Barriers
with higher improvement scores indicate that their removal can more effectively reduce
resistance to species movement. This study used the moving window method in the Barrier
Mapper tool to identify regions with high resistance. Ecological barriers were derived
based on current distribution patterns under a relative Least-Cost Path (LCD) improvement
score mode, analyzed through resistance thresholds. The improvement in connectivity after
barrier removal was characterized by the unit reduction in least-cost distance. Areas with
larger improvement values were identified as ecological barriers within the corridors [4].

(4) Current Density Model

In electrical circuits, the movement of charges exhibits random behavior. This random-
ness resembles the movement of organisms in nature [47]. Therefore, current density can
effectively reflect the random walk characteristics of ecological flows and evaluate the state of
ecological movement in a study area. Based on circuit theory, ecological sources are treated as
current sources and the ecological resistance surface as a resistive surface. Regions with higher
resistance hinder the movement of current [66]. In an ecological network, current density
refers to the rate at which organisms migrate between ecological patches. Its value depends
on the distribution of ecological resistance, the potential difference between ecological sources,
and the connectivity of ecological corridors. The calculation formula is as follows:

L Vio vl .
ij—Tij 4)

D; = Z]N || ®)

In the formula: i and j represent ecological sources; lij denotes the flow of ecological
flow between adjacent ecological sources i and j, measured in amperes (A). A larger value
indicates a higher current density passing through this connection point; D; represents the
current density at ecological source i, measured in A/km?; Vi and Vj represent the electrical
potentials of ecological sources i and j, respectively, measured in volts (V); Rij represents the
movement resistance between ecological sources i and j, measured in ohms ((2). A higher
resistance value indicates greater movement costs for species.

3. Results

3.1. Identification of Ecological Sources in Shenzhen City Area
3.1.1. Landscape Pattern Analysis of Shenzhen City Area Based on MSPA

Woodland and water bodies in Shenzhen were selected as the foreground. Morphological
Spatial Pattern Analysis (MSPA) was applied to analyze their land use types. The resulting
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landscape pattern classification is shown in Figure 2 and Table 3. The core areas account for
21.99% of the total study area, representing the largest proportion among all landscape types.
These areas exhibit high stability and constitute 60.70% of the foreground area. They are
primarily concentrated in the scenic zones, forest parks, and geoparks of mountainous regions
such as Wutong Mountain, Maluan Mountain, Paiya Mountain, and Qiniang Mountain in the
southeastern part of the city, forming large contiguous patches. In contrast, the northwestern
and central regions show sparse distribution of core areas, with high fragmentation and poor
connectivity. Islets account for 1.43% of the total area. These small, scattered patches can
serve as potential stepping stones in future planning to facilitate the movement of ecological
elements. Loop areas, which significantly contribute to ecological flows within the core
areas, make up 2.10% of the total area. Bridge areas, representing structural corridors in
the landscape ecological security pattern, promote connectivity between ecological patches.
However, they cover only 3.37% of the total area, providing limited pathways for energy
exchange and material flow. Edge areas act as buffers between woodland and other landscape
types and are mainly distributed along the periphery of core areas. These zones exhibit
certain marginal characteristics and cover 4.94% of the total area, making them the second
most extensive category after core areas. Perforations account for 0.57% of the total area,
indicating relatively weak edge effects within the woodland patches of the study area, which
lack stability and are susceptible to external disturbances. Branches cover 1.49% of the total
area, reflecting moderate overall connectivity within Shenzhen.

[ ] - Branch
- Islan - Bridge
\:I Loop - Core
I Pperforation
Q 0 4 8 16 24 32km
Figure 2. Landscape pattern analysis of Shenzhen based on MSPA.
Table 3. Landscape Types and Proportions in Shenzhen.
Foreground (Woodland)
Landscape Type
Area (km?) Proportion of Woodland (%) Proportion of the Study Area (%)
Core 426.69 60.70% 21.99%
Islan 27.68 3.94% 1.43%
Loop 40.85 5.81% 2.10%
Bridge 65.44 9.31% 3.37%
Edge 95.91 13.64% 4.94%
Perforation 11.13 1.58% 0.57%
Branch 28.84 4.10% 1.49%
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3.1.2. Identification of Ecological Sources in Shenzhen City Area

In the process of identifying ecological sources, the selection of ecological patch size
and aggregation threshold directly influences the rationality of the ecological network
structure and its capacity to represent ecological functions [35]. Ecological patch size deter-
mines the intensity of ecological functions, species carrying capacity, and regional stability.
It supports planning objectives such as maintaining species diversity, ensuring long-term
population survival, enhancing ecosystem service supply, and strengthening ecosystem
resilience [21]. This study selected ecological patches with core areas larger than 10 km? and
used an aggregation threshold of 1000 m as criteria for defining ecological sources. A core
area of 10 km? is considered a critical size that can support continuous species reproduction
and life-cycle processes. Research shows that the minimum habitat area required to sustain
populations of most medium-to-large mammals and birds ranges between 5-20 km?. If the
patch size threshold is too small, it may include small ecological patches such as community
parks, leading to excessive fragmentation of ecological sources, increased management
costs, and reduced functional stability. Conversely, an excessively large threshold may
overlook key ecological nodes such as small wetland clusters, thereby weakening the
integrity of the ecological network. In Shenzhen’s delineation of the basic ecological control
line, woodlands account for more than 50% of the area. A patch size of 10 km? aligns
with the typical area of municipal-level nature reserves and forest parks, facilitating the
implementation of ecological conservation policies. Thus, setting the threshold at 10 km?
ensures that ecological sources possess sufficient ecological carrying capacity and internal
habitat stability. An aggregation threshold of 1000 m can meet the corridor requirements of
most mammals and ensure effective ecological connectivity between aggregated patches. If
the aggregation threshold is too small, the number of aggregated patches may increase, but
connectivity may decrease. If the threshold is too large, it may lead to over-consolidation of
patches, obscuring local ecological heterogeneity. A 1000 m aggregation threshold can inte-
grate dispersed small ecological patches such as woodlands and water bodies in Shenzhen
into larger ecological sources, reducing “islandization” effects. This approach maintains
the independence of ecological patches while avoiding the loss of ecological functional
heterogeneity due to excessive merging [67].

Therefore, to avoid excessive fragmentation in the distribution of extracted ecological
sources, this study selected ecological patches with a core area greater than 10 km? and
a dPC value > 0.1. These patches were aggregated using a 1000 m threshold, resulting
in the identification of 17 ecological sources (Figure 3). Spatially, the ecological sources
in Shenzhen show a clustered distribution in the eastern region and a scattered pattern
in the west. Eastern sources are predominantly located within national geoparks, coastal
tourism zones, Guanyin Mountain Park, country parks, reservoirs, and wetland parks. The
distribution of ecological sources indicates that the continuous ecological barrier formed
by Wutong Mountain, Maluan Mountain, Paiya Mountain, and Qiniang Mountain in
Shenzhen serves important functions such as soil and water conservation, water retention,
and biodiversity maintenance. Meanwhile, independent mountainous areas including
Longyan Mountain, Meilin Mountain, Fenghuang Mountain, Guangming Forest Park,
and Ejing Reservoir, along with various nature reserves, play significant roles as essential
ecological patches.
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Figure 3. Distribution of ecological sources in Shenzhen.

3.1.3. Classification of the Importance of Ecological Sources in Shenzhen City Area

Shenzhen City contains a total of 17 ecological sources, covering a combined area of
352.50 km?. Based on the landscape connectivity index (dPC), these ecological sources were
classified into three categories: key sources (dPC > 1), important sources (1 > dPC > 0.5),
and general sources (0.1 < dPC < 0.5). As shown in Figure 4 and Table 4, key ecological
sources are the most numerous, with a total area of 277.48 km?, accounting for 78.72% of
the total ecological source area—significantly larger than the other two types. These are
mainly concentrated in the southeastern part of Shenzhen, where ecosystem services are
prominent, and human disturbance is relatively low. This region is dominated by large
forested areas and includes ecologically significant zones such as wetland parks, country
parks, reservoirs, and geoparks. Patch 17 has the highest dPC value of 59.41 and an area of
78.81 km?2. Located south of Hutou Mountain, it contains numerous suitable habitats such
as Dapeng Peninsula National Geopark, Fenglang Mountain Park, New Century Seaview
Country Park, and Xiangche Reservoir. Patch 14 has the second highest dPC value of 56.24
and the largest area among all patches—102.90 km?. Situated in the south-central part
of Shenzhen, it includes protected areas such as Maluan Country Park, Chi’ao Reservoir,
Sanzhoutian Forest Park, and Wutong Mountain Forest Park. Patch 6 has a dPC value of
41.98 and is primarily located around Ling’ao Reservoir and surrounding mountains. Patch
5, with a dPC value of 36.15, is located in Longgang District and encompasses resource-rich
areas including Luowuwei Reservoir and Jingxin Reservoir. Patch 7 is situated in Pingshan
District and contains protected areas such as Songzikeng Forest Park. Patches 11 and 12
are located in Longgang District and include Guanyin Mountain Park, Ecological Garden,
Maque Mountain, and adjacent mountain ranges. Patch 3, located in Pingshan District,
contains protected areas such as Chi’ao Reservoir. There are 5 important ecological sources,
with dPC values between 0.5 and 1. These are mainly distributed in the western and
southwestern parts of Shenzhen and are relatively small in area. The 4 general ecological
sources all have dPC values between 0.1 and 0.5. Most are located in the western and
northwestern fringes of the city, with large intervals between them, contributing minimally
to the overall connectivity of Shenzhen.
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Figure 4. Distribution of the importance of ecological sources in Shenzhen.

Table 4. Classification of the importance of ecological sources in Shenzhen.

Importance Level of Percentage of Proportion of Connectivit
Ecological Source Quantity Total Ecological Area (km?) Total Ecological Index ( dPC;I
Areas Source Areas (%) Source Area (%)
Key source 8 47.06% 277.48 km? 78.72% dPC>1
Important source 5 29.41% 39.59 km? 11.23% 1>dPC>0.5
General source 4 23.53% 35.43 km? 10.05% dPC < 0.5

3.2. Extraction of Ecological Corridors in Shenzhen City Area
3.2.1. Construction of Ecological Resistance Surface in Shenzhen City Area

The ecological resistance surface serves as the basis for calculating species dispersal
paths under resistance constraints. Different natural ecological backgrounds and human
activities exert varying degrees of influence on the flow of materials, energy, and infor-
mation. In this study, based on various resistance evaluation factors and their weights,
ten resistance factor layers were established in ArcGIS 10.2, including elevation, slope,
vegetation, distance to rivers, soil type, land use, distance to railways, distance to highways,
distance to major urban roads, and landscape type. Using the Raster Calculator, weighted
summation was performed on these resistance factors to generate an ecological resistance
surface (Figure 5) that aligns with the unique ecological characteristics of the study area. In
Shenzhen, the ecological resistance values range from 16.18 to 78.37, showing significant
regional variation. High resistance values are observed in the northwest, southwest, north-
east, and central regions. These areas are predominantly urban built-up land, located near
city centers and transportation routes, with frequent human activities and high disturbance
levels. They exhibit fragmented and scattered patterns, resulting in severe ecological frag-
mentation, which hinders species migration and material flow, leading to poor regional
connectivity. In contrast, low resistance values are found in the eastern and southeastern
parts of Shenzhen. These regions feature higher elevations, steeper slopes, and are primar-
ily covered by woodlands. With minimal human impact and favorable habitat conditions,

they demonstrate high connectivity and low resistance to species movement.
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Figure 5. Ecological resistance surface in Shenzhen.

3.2.2. Extraction of Ecological Corridors in Shenzhen City Area

Based on circuit theory, ecological sources and the ecological resistance surface were
input into the Linkage Mapper tool, identifying a total of 26 ecological corridors form-
ing an interconnected network with a total length of 127.44 km. Corridors shorter than
5 km account for 69.23% of the total, indicating relatively poor overall connectivity and
high landscape fragmentation (Figure 6). In general, short-distance corridors are mainly
located in the southeastern part of the study area, connecting large and densely distributed
ecological sources. Long-distance corridors link ecological sources in the western and
eastern regions of Shenzhen, while also connecting scattered and isolated sources in the
west, thereby enhancing landscape connectivity in these areas. The current intensity values
of the corridors range from 2.35 to 8.29. Using the quantile method, the corridors were
classified into key corridors, important corridors, and general corridors, numbering 13, 7,
and 6, respectively, with total lengths of 18.24 km, 41.94 km, and 67.26 km. The longest
corridor, measuring 28.26 km, is classified as a general corridor. It bypasses areas with
extremely high resistance but still carries a risk of biological flow interruption. Spatially,
the southeastern part of Shenzhen exhibits a high density of corridors, predominantly key
corridors, with fewer and shorter important and general corridors distributed sporadically.
In contrast, the northwestern region has sparse but longer corridors, mostly general ones,
which effectively connect western and central ecological sources. These provide favorable
conditions for biological movement and migration, partially compensating for the lack of
ecological sources in Shenzhen. This pattern suggests that constructing stepping stones in
areas with poor ecological connectivity can effectively shorten inter-patch distances and
facilitate ecological flows. Additionally, some long-span corridors integrate diverse land-
scape types, traverse urban built-up areas, and are primarily established along roadsides.
Therefore, urban planning should emphasize the development of roadside landscapes to
avoid corridor disruption due to inadequate reservation and restoration, thereby enhancing
the continuity and stability of ecological corridors.
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Figure 6. Classification and distribution of ecological corridors in Shenzhen.

3.3. Identification of Ecological Pinch Points in Shenzhen City Area

Based on circuit theory, ecological pinch points were identified as areas within eco-
logical corridors with high current density. A higher current density value indicates a
greater number of electrons (representing species) passing through per unit area, implying
a stronger flow and greater importance in maintaining connectivity between patches. Re-
gions with high current density are critical for biological movement. Given that the width
of ecological corridors has limited influence on pinch points, and considering the actual
conditions in Shenzhen, a weighted cost distance of 1000 m was set as the corridor width to
extract areas with the highest current values as ecological pinch points. Using the Linkage
Mapper tool, a total of 120 ecological pinch points with the highest cumulative current
values were identified (Figure 7), covering a total area of 41.64 km?. The largest pinch point
spans 7.4 km?, while the smallest is 0.06 km?. These pinch points are all located within
ecological corridors, mostly exhibiting linear distributions. In terms of land cover, the
pinch points are predominantly composed of forest land, grassland, and water bodies. At
the same time, construction land is often found surrounding these pinch points, indicating
that while they serve to maintain landscape connectivity, they are also under threat from
human activities. Ecological pinch points tend to occur where ecological corridors connect
to ecological sources or in intermediate segments of the corridors. If these areas become
fragmented, the functionality of the entire ecosystem may be disrupted or impaired.

3.4. Identification of Ecological Barriers in Shenzhen City Area

Areas with high cumulative current recovery values are identified as ecological bar-
riers. Using the Barrier Mapper tool, 26 ecological barriers were identified (Figure 7),
covering a total area of 27.87 km?. The largest barrier, located in the eastern part of Shen-
zhen, has an area of 4.6 km?. In terms of land cover composition, the ecological barriers are
predominantly farmland and urban built-up land. Approximately 50% of the barriers have
an area of less than 1 km?, yet they account for only 0.96% of the total barrier area. These
smaller barriers are mainly scattered in a dotted pattern across western Shenzhen and
can be relatively easily restored. Their remediation would significantly enhance regional
landscape connectivity. Barriers larger than 1 km? mostly exhibit patchy or linear distribu-
tions and are concentrated in the central and eastern regions—dispersed in the central area
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and densely clustered in the east. Most ecological barriers are located at the edges of or
in gaps between ecological sources. Some barriers overlap with ecological pinch points,
threatening the integrity and stability of the ecological base and limiting the expansion of
ecological corridors. These areas require priority restoration.

A
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Figure 7. Distribution of ecological pinch points and ecological barriers in Shenzhen.

3.5. Optimization and Evaluation of the Ecological Network in Shenzhen City Area
3.5.1. Network Structure Optimization by Adding Ecological Sources and Stepping Stones

The ecological network in Shenzhen is primarily distributed in the southeastern and
western regions, while the northwest, northeast, central, and southwestern areas lack
sufficient ecological connectivity (Figure 6). Overall, the network exhibits an uneven spatial
distribution. To improve the structure of the ecological network, it is necessary to add
ecological sources and corridors in these underrepresented regions to enhance connectivity.
Based on the existing ecological network of Shenzhen and in reference to the Shenzhen
Territorial Spatial Master Plan (2021-2035), 12 new ecological sources were added according
to the spatial distribution of core area patches (Figure 2). These include Luotian Forest
Park, Dapingzhang Forest Park, Xili Lake Greenway, Shiyan Wetland Park, Nanshan Park,
Changlingpi Reservoir, Pinghu Ecological Park, Sanlian Country Park, Qinglinjing Forest
Park, Pingshan Huangzhu Reservoir, Songzikeng Forest Park, and Yanziling Park. Using
circuit theory, 20 new ecological corridors were planned (Figure 8) to connect the newly
added ecological sources with the existing ones. In subsequent urban planning, emphasis
should be placed on the development of these new ecological sources and corridors to
improve landscape connectivity. This will facilitate the flow of ecological processes from
well-connected regions into areas lacking ecological networks, promote cyclical ecological
flows across Shenzhen, and enhance the stability of ecosystems and biodiversity throughout
the city.

The stability of ecological corridors is affected by external activities and internal con-
ditions. Longer corridors are more vulnerable to external disturbances, reducing their
stability. Connectivity between western and central parts, as well as central and northern
parts of the Shenzhen City Area, is relatively low. Ecological resistance is high, and eco-
logical sources are distant. Breaks have occurred in some ecological corridors, making the
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construction of stepping stones urgent. To address issues such as excessively long corridors,
dead-end routes, and high migration volumes at corridor intersections, 18 stepping stones
were added at ecological corridor connections (Figure 8 and Table 5). This helps enhance
the success of species dispersal and migration. Furthermore, animal movement is affected
by urban roads during migration. Ecological breakpoints occur where ecological corridors
and road networks intersect. These areas impact local biological flow, hinder migration pro-
cesses, and reduce migration survival rates. This study integrated transportation networks
and identified 16 ecological breakpoints (Figure 8). Urban road planning should consider
establishing passages for species migration or avoiding migration routes. Examples in-
clude building elevated bridges to preserve original green pathways and creating green
underground passages for wildlife. These measures can restore ecological breakpoints and
minimize the impact of urban roads on the ecological network.

pe— Ecological source
Newly added ecological source areas

—— Optimized ecological corridor

X Ecological breakpoint
[ Shenzhen City Area
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32
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Figure 8. Shenzhen Ecological Network Optimization.

Table 5. Comparison of Shenzhen’s Ecological Network Before and After Optimization.

Category Optimized State Quantity  Area (km?) Length (km)  Current Density (A)

Ecological sources Before optimization 17 352.50 - -
After optimization 29 415.98 - -
Ecological corridor Before op’firr}iza’fion 26 - 127.44 -
After optimization 46 - 358.73 -
Ecological pinch point Before optirr}iza’fion 0 0 i i
After optimization 120 41.64 - -
Ecological barrier Before optimization 0 0 - -
After optimization 26 27.87 - -

Ecological network Before optimization - - - 10.60

current density After optimization - - - 20.50

3.5.2. Functional Evaluation of the Ecological Network Based on Circuit Theory

As shown in Figure 8, before optimization, the ecological flow from surrounding
ecological sources to high-density urban areas was limited. It was mainly concentrated
in Luohu District and Dapeng New District. The ecological flow between source 6 and
source 11 was strong. These two ecological sources are close to each other, facilitating

easier dispersal. Ecological sources between source 2 and source 4 were relatively scattered.
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Sources 10, 16, 13, and 15 acted as important stepping stones, exhibiting strong ecological
flow. Overall, the distribution of ecological flow was uneven before optimization. The
limited flow reaching high-density urban areas restricted the service scope and capacity of
ecological sources. After optimization, the maximum current value increased from 10.60 to
20.50 (Figures 9 and 10 and Table 5), showing a significant improvement in current density.
Ecological flows from surrounding sources spread along the optimized network. More
flow now passes through central urban areas like Guangming, Nanshan, Longhua, and
Longgang Districts. This demonstrates that the optimized ecological network successfully
channels ecological flow into central urban areas of Shenzhen. It promotes biological
movement and is highly significant for improving urban habitat quality.
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Figure 9. Current distribution diagram of Shenzhen’s ecological network prior to optimization.
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Figure 10. Current distribution map of Shenzhen’s ecological network after optimization.
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4. Discussion

The construction of ecological networks not only maintains regional natural ecological
processes and protects the integrity and connectivity of landscape structure, but also secures
the supply of ecosystem services required for regional socio-economic development. This
study utilized Morphological Spatial Pattern Analysis (MSPA) to identify ecological sources
and constructed a resistance surface by integrating natural and social factors. Ecological
corridors, ecological pinch points, and ecological barriers were extracted using circuit
theory to establish the ecological network. Overall, the landscape integrity and connectivity
in the Shenzhen City Area are relatively low. Functions such as water conservation and
soil retention are not prominent. Issues include uneven spatial distribution of ecological
sources and localized fragmentation. In particular, densely distributed roads and urban
built-up areas within ecological sources fragment natural landscapes. This disrupts gene
exchange between populations, hinders the normal flow of materials and energy within the
ecosystem, and affects its stability and ecological service functions. It is recommended to
continue implementing natural forest protection projects and farmland-to-forest conversion
programs in the transition zones between urban built-up areas and forestlands in north-
eastern, central, northwestern, and southwestern parts of the Shenzhen City Area. Efforts
should focus on integrating dispersed ecological sources in western and central regions.
Ecological restoration projects should be prioritized in areas with numerous barriers to
enhance the integrity of natural ecological units.

Compared to previous studies [54,55], this research incorporates Morphological Spatial
Pattern Analysis (MSPA) into source identification. Unlike conventional methods that
extract ecological sources based on habitat quality or ecosystem service functions using the
InVEST model [55], Morphological Spatial Pattern Analysis (MSPA) places greater emphasis
on structural connectivity. It comprehensively considers landscape structural integrity and
connectivity by identifying seven landscape types with connective importance [56], and
is less affected by spatial scale. The analytical mechanism and identification process of
Morphological Spatial Pattern Analysis (MSPA) complement those of the InVEST model,
significantly improving the accuracy of source identification [57]. Furthermore, considering
that ecological sources primarily serve as terrestrial animal habitats, this study placed
particular emphasis on patch size and land use type during source identification. Compared
to other ecological source extraction methods [58], this approach demonstrates better
generalizability for constructing ecological networks across different regions. Additionally,
during the construction of the resistance surface and extraction of corridors, multiple
factors were comprehensively considered in line with the characteristics of Shenzhen City
Area, including land use type, human activity intensity, and natural environmental features.
Ecological corridors were extracted using random walk theory, which effectively simulates
the complexity and randomness of species migration paths. This method fully accounts for
corridor redundancy, more accurately reflects corridor width and importance levels, thereby
enhancing the scientific rigor and precision of the study. Moreover, connectivity analysis
based on circuit theory forms a critical component of ecological network construction. It
enables the identification of spatially explicit elements such as ecological corridors, pinch
points, and barriers through current values, independent of corridor width constraints. This
approach breaks the homogenization limitations inherent in least-cost path methods for
ecological corridors, providing more specific basis for ecological restoration and planning
while effectively reducing subjectivity in functional zoning of ecological security patterns.

Although this study has achieved certain innovations and breakthroughs, some short-
comings remain that require further refinement in future research. The optimization
strategy proposed in this study is primarily based on the necessity and feasibility of eco-
logical principles, emphasizing the enhancement of ecological functions, and has not yet
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incorporated an explicit cost-benefit assessment system. While the current strategy implic-
itly accounts for migration costs between land types through resistance surfaces, it fails to
quantify economic inputs such as land acquisition, vegetation restoration, and engineering
implementation associated with establishing new source areas or corridors. It also neglects
the complexity of management coordination. To address this, future research should build
upon the existing optimized framework by integrating socioeconomic data—including
land prices, development intensity, and ecological conservation redlines—to construct a
dual-dimensional “ecological benefits-implementation costs” evaluation model. This will
assess the feasibility of ecological network optimization and facilitate the substantive imple-
mentation of optimization strategies. Specific measures include: At the ecological objective
level, quantifying the ecological functional value of the ecological network based on species
migration requirements, landscape connectivity indices, and ecosystem service values; At
the economic objective level, generate high-resolution land price grids using real estate
transaction data. Combine spatial land price interpolation models, construction land simu-
lation, and building density to construct a composite resistance surface of land prices and
development pressure. Assign differentiated resistance weights to areas of high economic
value and high development intensity, while introducing development pressure threshold
constraints. Employing a multi-objective particle swarm optimization algorithm under
spatial constraints, we derive a Pareto optimal solution set to balance the linear relationship
between ecological network planning and development costs. Finally, through scenario
simulation analysis examining the impact of varying policy intensities on optimization out-
comes, this study identifies the sensitivity ranges of key variables. It provides planners with
dynamic decision support that balances ecological security patterns, land use efficiency, and
socioeconomic benefits. This approach advances ecological network planning toward the
coordinated development of a multidimensional, integrated “ecological-economic—social”
system, ensuring both the scientific rigor of planning proposals and the feasibility of their
implementation. By incorporating economic feasibility analysis, this study’s optimization
scheme evolves from a purely ecological feasibility framework into a decision-support tool
that integrates scientific rigor, economic viability, and operational feasibility. This transfor-
mation not only enhances the implementation prospects of planning schemes but, more
importantly, establishes a scientific framework capable of seeking a dynamic equilibrium
between ecological conservation and urban development.

Moreover, this study focused solely on the static identification and optimization
potential of the current ecological network in Shenzhen City Area, without investigating its
spatiotemporal evolution. This limits the ability to identify degradation trends, such as
the shrinkage of ecological sources, fragmentation of corridors, or disappearance of pinch
points. Static analysis also fails to reveal the cumulative impacts of rapid urban expansion
on the ecological network, weakening the capacity to anticipate future pressures. Future
studies should incorporate multi-temporal remote sensing data to analyze the evolutionary
trajectory and driving mechanisms of the ecological network. This would support a
shift from “current-state optimization” to “dynamic adaptive planning,” enhancing the
resilience and long-term sustainability of the ecological network. This study constructs
an ecological network using Morphological Spatial Pattern Analysis (MSPA) and circuit
theory. It simulates terrestrial species migration influenced by landscape patterns and land
use. The optimization targets species that depend on connected woodland habitats. While
water bodies and woodlands were included as ecological sources, the study does not create
separate networks for aquatic species or migratory birds. Future research could integrate
river connectivity models and bird migration routes. This would support the development
of a multi-species ecological network. Furthermore, this study focuses on the construction
and optimization of ecological networks. Future research should build upon this foundation
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to explore implementation-oriented phased development pathways for ecological networks
and establish an adaptive management framework centered on “monitoring—evaluation—
adjustment.” It is essential to assess the optimized ecological networks from both economic
and feasibility perspectives, thoroughly examining the practicality of their implementation.
This represents a critical task for advancing the implementation of ecological networks and
achieving sustainable urban development.

5. Conclusions

This study takes Shenzhen City Area, a special economic zone, as its research area.
It applies Morphological Spatial Pattern Analysis (MSPA) and circuit theory to analyze
landscape patterns and identify ecological sources. The importance levels of these sources
were classified using landscape connectivity indices. Based on the constructed ecological
resistance surface, ecological corridors were extracted, and their importance levels were
defined. Ecological pinch points and barriers were also identified to construct the ecological
network. The network was optimized by adding ecological sources, ecological corridors,
stepping stones, and rehabilitating ecological breakpoints. Finally, the pre- and post-
optimization ecological networks were evaluated from both structural and functional
perspectives. The effectiveness of the optimization was verified by comparing current
density values. This study aims to provide new perspectives and insights for urban
planning, regional development, and ecological balance in Shenzhen City Area. The results
indicate the following: (1) The land use types in Shenzhen City Area comprise seven
landscape patterns: core, islet, perforation, edge, loop, bridge, and branch. The core area,
with a total area of 426.69 km?, is the largest among all types. It exhibits high fragmentation
and poor connectivity, primarily distributed in the southeastern forested regions, showing
a pattern of “dense in the east and west, sparse in the center.” The edge area ranks second in
size, serving as a buffer zone with high susceptibility to external disturbances. The bridge
area covers 65.44 km?, accounting for 9.31% of the foreground landscape. It functions as
a potential structural corridor in the ecological network, facilitating connectivity. (2) A
total of 17 ecological sources were identified based on ecological patch area screening,
predominantly forested. These sources form an ecological barrier in the southeastern
region, with a spatial distribution characterized by concentrated contiguous patches in
the east and scattered patches in the west, resulting in an incomplete ecological network
system. The northeastern, southwestern, northwestern, and parts of the central areas lack
green spaces for wildlife habitats and activities. Future efforts should focus on adding
stepping stones to improve ecological conditions. Based on landscape connectivity index
analysis, the ecological sources were classified into 8 key sources, 5 important sources,
and 4 general sources. Key sources occupy the largest area, provide significant ecosystem
services, and experience minimal human disturbance. They include various large urban
parks and protected natural areas. (3) The ecological resistance values in Shenzhen City
Area range from 16.18 to 78.37, showing significant regional variation. Areas with high
resistance are primarily characterized by urban built-up land, located in city centers and
along transportation routes, where species migration and material flow are hindered.
Using circuit theory, 26 ecological corridors were identified, forming an interconnected
network. The western and eastern regions exhibit a transition from long and sparse to
short and dense corridors. The eastern distribution is relatively stable, while connectivity
is poor in the northeastern and northwestern regions, urgently requiring the construction
of ecological corridors. Based on quantile classification, the corridors were categorized
into 13 key corridors, 7 important corridors, and 6 general corridors. (4) A total of 120
ecological pinch points and 26 ecological barriers were identified in Shenzhen City Area.
The pinch points cover a total area of 46 km?, all located within ecological corridors, mostly
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exhibiting linear distributions. Their land cover is predominantly forest, grassland, and
water bodies. The ecological barriers cover a total area of 27.87 km?, mainly consisting of
farmland and urban built-up land, typically appearing as patches or linear strips. They
are mostly situated at the edges or gaps between ecological sources. The optimization
plan added 12 new ecological sources and planned 20 new ecological corridors. Eighteen
stepping stones were incorporated at corridor junctions, and 16 ecological breakpoints
were identified. Using circuit theory, a functional comparison between the pre- and post-
optimization ecological networks showed the maximum current value increased from
10.60 to 20.50, indicating a significant improvement in current density. This demonstrates
that the optimized network effectively channels ecological flows from sources into central
urban areas, promoting biological movement. The ecological significance of this research
is mainly reflected in four aspects: First, it contributes to biodiversity conservation and
ecological corridor restoration. The newly added ecological source areas and ecological
corridors provide stepping stones for species, repair ecological flow pathways, enhance
the continuity of ecological patches, reduce migration risks, and provide a structural
foundation for regional species exchange. Second, it helps improve ecosystem services
and enhance nature’s provisioning capacity. By optimizing the spatial configuration of
ecological sources and corridors, the supply capacity of the urban natural environment
is strengthened, indirectly improving ecosystem services such as water retention, soil
conservation, and air purification, thereby increasing the resilience of the urban ecosystem.
Third, it supports the construction of an ecological security pattern to mitigate ecological
risks. The construction of the resistance surface helps identify hotspots where ecological
flows are obstructed, providing a basis for defining “ecological redlines” in urban planning.
The multi-level ecological structure of core-buffer-edge provides an ecological safety
net for Shenzhen City Area to cope with uncertain climate challenges. Fourth, it guides
sustainable urban development by balancing ecological protection and economic growth.
The optimization of the ecological network not only restores the natural-social system but
also upgrades the social system, providing green infrastructure for the city and delivering
ecological benefits to residents.
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Abstract

Urban CO, mitigation strategies typically aim at particular zones or sectors but do not
account for spatial interdependencies among different components within the city. Un-
derstanding how land uses emit within and across districts can reveal systemic leverage
points for climate-resilient urban planning. This study applies a bipartite spatial network
approach using high-resolution Urban Atlas land-use data and a hierarchical spatial frame-
work for emissions and sequestration estimation. The approach links urban land uses
to their emissions profiles, offering a structural view of how different areas interconnect
within urban carbon dynamics, moving beyond fragmented emission accounting. Using
the Reggio Calabria Functional Urban Area in Italy as a case study, the analysis identifies
influential areas and emission-intensive land uses. Subsequently, using centrality metrics
highlights the spatial units with strong connections to emission-dense land uses, mark-
ing them as points of intervention. Results show that although 53% of districts act as
net carbon sinks, their sequestration capacity is outweighed by the intensity of a smaller
group of emitter districts. Among these, five central districts (IDs 94, 82, 107, 108, and
72) emit over 500 million kg CO, per year, making them leverage points for systemic
mitigation. The integration of bipartite spatial network and multiscale territorial analysis
provides a replicable, data-driven framework for urban CO, mitigation. Ultimately, the
study demonstrates that mapping emissions through spatial interdependencies enables
planners to target interventions where localized action yields the greatest network-wide
climate impact.

Keywords: bipartite spatial network analysis; urban ecosystem services; urban CO,
mitigation; land use; Urban Atlas

1. Introduction

Urban areas are at the heart of the climate emergency, accounting for a large proportion
of the global CO, emissions [1-3]. Cities consume a huge amount of energy and resources
due to their economic growth and population growth drivers, which make them both
contributors to and potential solutions for climate change [4-6]. This duality puts cities
at the forefront of global ambitious climate policy; global and European agendas, like the
EU’s Green Deal and Fit for 55, Cohesion policy, and others place-based systemic responses
to the challenge of decarbonization and spatial equity [7-10].

Yet, efficient urban CO, reduction continues to face methodological and empirical
barriers, especially in bridging the emission data to applicable spatial planning solu-
tions [11-13]. A common limitation in urban mitigation planning is to address emissions

Sustainability 2025, 17, 10113 https://doi.org/10.3390/su172210113
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in individual sectors or areas without consideration of the complex spatial interdepen-
dencies that drive emission patterns in the urban area [1]. Land-use types like residential
zones and transport infrastructure do not operate in silos; their effects extend across mul-
tiple districts [14,15]. Failing to consider these linkages limits urban planners from being
able to target the factors that influence emissions, or to intervene at their most effective
locations [16].

Over the past decade, there have been several studies that examined urban CO, emis-
sions through sectoral, land use, and spatial econometric approaches [16-20]. Most studies
rely upon top-down inventories or activity-based energy models, which are robust from
an aggregate level but do not provide spatial specificity for urban planning needs [21,22].
Existing work has employed geospatial modeling and remote sensing data to downscale
emissions to local spatial scales [23-25]. However, these typically treat land uses as inde-
pendent emission sources, overlooking the functional and relational drivers among spatial
units that jointly shape dynamic emission patterns [26].

To complement emission reduction strategies, recent efforts have incorporated the
ecosystem services perspective, particularly focusing on regulating services as a key com-
ponent of nature-based solutions for mitigating urban environmental pressures such as
climate change [3,17,18]. Among these regulating services is CO, sequestration. It is one
of the important indicators to monitor environmental performance [19]. It measures the
process of sequestering carbon from the air and accumulating it in ecosystem carbon pools,
representing net carbon uptake over a given period of time [20,21]. Examining the bal-
ance between CO; sequestration and emissions reveals the spatial dynamics of carbon
sources and sinks in urban environments, highlighting current environmental conditions
and potential for mitigation [22,23].

Consequently, there is a need for an analytical framework that integrates these spatial
interdependencies within urban areas while remaining compatible with existing land-use
data. This research addresses that gap by proposing a network-based spatial analysis
that models the urban CO, landscape as a system of interlinked functional relationships
between spatial units and land uses [24].

Unlike conventional emission mapping that addresses each spatial unit in individual
isolation, the bipartite spatial network formally captures relational dependencies between
land-use functions and urban districts. This allows one to identify structurally signifi-
cant areas whose mitigation would generate network-wide benefits, thus broadening the
analytical horizon of urban carbon accounting.

The article uses a bipartite spatial network analysis interconnecting adopted spatial
units of the urban CO, landscape: eco-districts as spatial planning and decision-making
units, and land-use types as functional elements influencing emissions. By modeling
emissions as a network of relationships between these two node types, weighted by
emission intensity, the study identifies which eco-districts are most influenced by high-
emission land uses and which land uses contribute the most to CO, emissions. These
spatial units can then be explored in detail at the eco-community and eco-cell levels, as
more granular spatial units to locate where targeted interventions could most effectively
reduce emissions.

This study is part of larger research activities aiming to develop spatially explicit, data-
driven methodologies towards integrating urban ecosystem services into urban planning.
Here, the focus is on evaluating CO, emissions by using a bipartite spatial network analysis
to examine the structural dependencies between land use and urban CO, emissions. The
approach links eco-districts to specific land-use categories according to the proportional
share of their emissions contribution and applies centrality measures to identify areas with
the highest systemic influence potential.
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Figure 1 outlines the full methodological workflow of the overall research project, cover-
ing data collection, CO; calculation, spatial modeling with the spatial Durbin model (SDM),
and scenario interpretation. Within this broader framework, the present paper specifically
develops a spatial network analysis to capture inter-district ecological interactions.

Data Required:

* Land use map (Urban Atlas)

« Carbon sequestration/emission parameters (CO,/m>/year
per land use type)

« Population density (ISTAT, people/km?)

Industrial activity (CO, emissions per industrial land use)

Transport network density (km of roads/km?)

Spatial unit (Eco-Cell, Eco-Community, Eco-District)

Compute net CO, per Eco-Cell. )— Crote = z E — ZS
net,c c 4

Where:

Cpet,c = Netcarbon balance for Eco-Cell c.

E, =Total emissions in Eco-Cell ¢ (sum of transport + built-up
emissions).

S. = Total sequestration in Eco-Cell ¢ (sum of green spaces).

Processing Tasks:

1. Assign carbon parameters values to each land use
category.

2. Compute total sequestration/emissions per Eco-Cell
using the assigned values.

3. Aggregate spatial data to Eco-District levels.

v

Data Collection &
Preprocessing

v

Classify Eco-Cells into carbon sinks or emitters:

* Strong Carbon Sink » High sequestration, low
emissions

« Balanced Area > Sequestration and emissions
are roughly equal

* High Carbon Emitter > High emissions, low

Compute Net Carbon Balance

Aggregate net carbon balance to Eco-District levels I:
Construct a Spatial Durbin Model using Generalized
- Method of Moments (GMM) 2-Stage Least Squares
estimation and include both direct land use impacts
and spillover terms using the following equation
Spatial Durbin Model (SDM) Construction >

| g COZnet

=a+ Zﬂixi‘*' ZinXi+ AWeoy + €
SHAP-Based Model to confirm the reliability
and interpretability of the SDM results.

Single-Objective Optimization (CO,
Reduction) to find the best land-use mix to <
minimize CO, emissions.

Convert SDM results into a simplified formula for
optimization.

Statistical Model

Multi-Objective Optimization (NSGA-II) to

balance CO, reduction with economic land-
use functions. | fi= le BLo?

fo= Y x BFEm where pFen

Scenario Selection and Interpretation and
select 3 main scenario types:

* LowestCO,

* Highesteconomicvalue

* Balanced trade-offs

Construct a bipartite network with two types of nodes:

Bipartite Network Construction using Gephi Geo o + Bco-districts: spatial plannlng ynlts .
¥ layout P - Landuse types: sources or mitigators of emissions
S Edges represent the emission intensity of each land use type within each
% = district.
z =
ZE
g < A 4 Apply network metrics like weighted degree, eigenvector centrality, or
& | Centrality and Influence Analysis I——P others Identify the most influential districts and land use types driving
b ! emissions.
o 2 . o * .
= _5 « Identify net emitting vs. net sequestration Eco-
= § Cells.
85 * Determine at which level (Eco-Cell or Eco- Simulate differenturban policy
°E District) policy intervention is most effective. P scenariosto evolves optimal land-use
g E « Identify where green infrastructure expansion policies.
= é) has the biggest impact using SDM spillover
effects.

Figure 1. Workflow diagram of the research project methodology for modeling urban CO, emissions
and spatial dynamics.
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This study is guided by the following research question: How can a bipartite spatial
network linking eco-districts and land-use categories be used to reveal structurally influential
districts and pinpoint priority locations for targeted CO,-mitigation in an urban area?

The bipartite spatial network model aims to address three analytical questions:
(i) which eco-districts are structurally central to the urban CO, emission system, (ii) which
land-use types most influence those districts, and (iii) how these interdependencies can
inform spatial prioritization for mitigation. Within this framework, the network metrics
are interpreted as follows: weighted degree reflects how strongly a district is connected
to its neighbors through adjacency-based relationships; degree centrality indicates how
embedded it is within the network of bordering districts; and eigenvector centrality cap-
tures its overall influence through connections with other key districts. Together, these
indicators act as proxies for prioritizing interventions, translating network-derived insights
into spatial planning actions.

To answer the main research question, the study concentrates on three primary objectives:

1.  Create a bipartite spatial network connecting eco-districts and land-use types, weight-
ing edges based on land-use-specific CO, emissions derived from Urban Atlas data
and parameters identified in the literature.

2. Identify influential eco-districts and top-emitting land uses using centrality metrics to
identify interdependencies that create emissions patterns.

3. Suggest intervention hotspots and recommend spatial actions.

We hypothesize that urban CO, emissions are not necessarily evenly distributed across
space, nor are they merely a consequence of land-use intensity. Instead, spatial structure,
connectivity, and functional roles within the built environment will influence in which locations
the emissions will be concentrated and how mitigation resources need to be allocated.

The paper is organized as follows: Section 2 provides the background literature and
theoretical foundations in spatial network analysis (SNA) and urban ecosystem services;
Section 3 outlines methodology, data sources, network construction, and analytical ap-
proaches; Section 4 outlines results from the network; Section 5 provides the discussion
with particular focus on planning implications; and Section 6 contains a conclusion and
potential avenues for further research.

2. Literature Review

Recent scholarship highlights the role of ecosystem services, particularly regulating
services, as the basis for nature-based solutions (NbS) to mitigate urban environmental
pressures such as climate change [3,17]. Within this perspective, CO, sequestration has
become as a key indicator of urban environmental performance, representing the net carbon
uptake of ecosystems over time [18]. Several studies have highlighted that balancing CO,
sequestration and emissions provides valuable insight into the spatial configuration of
urban carbon sources and sinks, supporting the design of mitigation and adaptation
strategies [21,22].

Urban mitigation strategies have further evolved through technological innovation,
policy reforms, and the integration of NbS [25-27]. Research on the built environment
underscores the importance of green and energy-efficient buildings, which account for
nearly 40% of global energy-related CO, emissions [28]. Parallel studies in urban mobility
highlight that enhancing public and active transport, supported by smart technologies, can
significantly reduce urban emissions [29,30].

Yet, these approaches often remain sector-specific, and their application might be
challenging, for example, in narrowing the gap between systemic understanding and local
action and pointing out where land-use changes or design changes would have the most
effect [31,32].
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In response to this challenge, scholars increasingly investigate how emissions are
structured by spatial interdependencies within cities [1,33,34]. Research is now working to
uncover the spatial logic of emission sources, offering results that could underpin more
targeted, place-specific mitigation responses, although such results still need to be better
integrated into planning practice. This has led to an increasing recognition of the need
for integrated approaches across sectors and spatial scales [35-38]. This would offer a
foundation for addressing complex emission patterns. It also highlights the need for
planning strategies that link high-level sustainability goals with operational, spatially
specific interventions.

A study analyzing urban density and carbon emission performance in spatial terms
identified a dynamic interaction between urban density and carbon performance with
implications that increased density will result in more effective utilization of land as well
as reduced emissions [39]. Similarly, research into the spatial patterns of the intensity of
CO; emissions in urban areas highlighted the important role of road network length in
shaping emission patterns [40].

Moreover, spatiotemporal analysis based on satellite imagery-based methods esti-
mated the CO, emissions of cars, revealing different emission hotspots and time pat-
terns [41]. Additionally, studies based on machine learning methods have revealed causal
relationships between city form and car CO, emissions, pointing to the role of destination
accessibility and street connectivity in determining emission rates [42].

Furthermore, land-use changes and urbanization have been identified as being sig-
nificant sources of CO, emissions. An empirical study on land urbanization in China
demonstrated that land-use intensity and structure change have direct effects on urban
carbon emissions [43]. In addition, research on carbon metabolism in Beijing’s urban zones
emphasized how land-use changes from natural to artificial land components induced high
emissions, while other land-use changes facilitated carbon sequestration [44].

Additionally, a study using a spatial Durbin model examined inter-city technology
patent transfers in China, showing that technological progress in one city can impact carbon
emissions in nearby areas [45]. Also, research on the coupling evolution of urbanization
and carbon emissions in the Yangtze River Economic Belt found that urbanization levels
and per capita emissions have strong spatial dependence and integration [46].

A growing body of research highlights the importance of nested spatial structures in
promoting urban sustainability, in which planning entities at varying scales work to address
both systemic broader effects and local interventions [47,48]. Studies also emphasize the
value of spatial redundancy, diversity, and multi-scalar frameworks for boosting urban
adaptive capacity [32].

This research uses a multiscale territorial strategy based on a hierarchical spatial
framework inspired by the Sino-Singapore Tianjin Eco-City project [49]. The framework
divides the study area into three spatial units: eco-cell (400 x 400 m), eco-community
(800 x 800 m), and eco-districts (1600 x 1600 m). The eco-district serves as the main unit in
our analysis, acting as a strategic planning tool to integrate different parts of the city for a
systemic study of emissions patterns, land-use functions, and ecosystem services.

Although analysis is focused on the district scale in order to establish city-wide strategies,
these lower units are necessary to illustrate how our findings can be scaled down for future,
more localized action (see Figure 2). They provide a conceptual framework for identifying
specific sites for micro-level interventions, such as tree planting or the introduction of pocket
parks, should a more detailed analysis be required at some future point.

104



Sustainability 2025, 17, 10113

Basic community unit

Figure 2. Hierarchical spatial framework for urban analysis.

The spatial structure identifies eco-districts as the unit of analysis at the primary scale.
Eco-districts consist of various eco-cells, allowing for the investigation of aggregate land
use and spillover impacts among contiguous areas.

Eco-District: District Unit

The eco-district is defined as 1600 m x 1600 m. This macro-scale analysis focuses on
cumulative impacts and regional dynamics, such as overall carbon sequestration capacity. At
the district level, we integrate findings to address large-scale challenges and opportunities.

Eco-Community: Residential community Unit

The eco-community is at this intermediate scale, where the exploration of the relations
between pressures and impacts will be possible. This level specifies the areas where
collective action can be used to increase the ecosystem services to the maximum.

Eco-Cell: Basic community unit

The eco-cell is a 400 m x 400 m square area. This scale is appropriate for examining
localized dynamics and assessing how small-scale land use and ecological processes interact.

Eco-community and eco-cell are included within this framework to demonstrate how
our findings can be scaled down. They represent an opportunity for a more granular
assessment of localized dynamics for future work.

This multiscale approach reflects an increasing recognition in planning the literature of the
need to connect regional or city-wide environmental strategies with operational planning tools
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at the neighborhood or block level. It enables both a reading of broader emission trends and a
capacity to implement spatially precise changes that respond to local dynamics.

To apply this framework, consistent land-use-based methods are required for estimat-
ing emissions and identifying priority areas. A growing body of research has taken this
route, estimating CO, emissions for various land uses within the same year to allow for
detailed spatial analysis and targeted mitigation.

For instance, a study by Shi et al. analyzed CO, emissions across different land
uses in Shanghai’s development zones [50]. Their findings indicated significant inter-
actions between land-use mixing and CO, emissions, and the necessity of considering
spatial configurations in emission reduction efforts [50]. Chuai et al. used terrestrial
ecosystem modeling and auxiliary data to spatially simulate carbon emissions by land-use
type, showing the functional impact of land-based patterns [51]. Similarly, Li et al. ex-
plored the connection between land-use diversity and emissions, identifying a correlation
between urban land mixing and CO, outputs [52]. Morelli et al. conducted a spatiotem-
poral cluster analysis of greenhouse gas emissions in European NUTS-2 regions between
1990 and 2022, highlighting the spatial heterogeneity of emissions across sectors and land-
use categories [53]. Baur et al., studying 52 European cities, found that urban sprawl and
low-density development were associated with higher per capita emissions, while compact
and fragmented dense urban forms performed more efficiently in terms of emissions [54].

Together, these studies reinforce the relevance of land-use-based CO, accounting
and support the use of spatially explicit planning tools to advance data-driven, adaptive
mitigation strategies. Yet, despite the fact that these approaches provide an understanding
of emissions in detail, they do not necessarily look at how the various components of a city
interact with one another.

While land-use-based emissions provide spatial understanding, it does not reveal how
different locations interact within the urban area. To address this, this study uses a bipartite
spatial network to analyze the relationship between eco-districts and land-use types based
on CO; emissions. spatial network analysis (SNA) offers a suitable tool for examining
complex relationships in urban systems [24]. This spatial network captures territorial units
(eco-districts), on one side, and functional categories (land uses) on the other side, with
edges connecting them based on their CO, emission contributions.

In this network, centrality metrics are used to measure a node’s structural influence.
High-centrality eco-districts are those strongly connected to land-use types that significantly
contribute to urban CO, emissions. This means interventions in these districts can create
widespread positive effects through the network’s interdependencies and spatial spillovers.
This approach moves the focus from static emission hotspots to dynamic influencers,
offering a more strategic way to target place-specific mitigation efforts while prioritizing
network position over specific locations.

A key takeaway of this approach is its potential to guide ecological compensation
strategies in urban development, which involves redistributing or improving ecosystem
services in areas lacking them by utilizing the capacity of areas with surplus provision [32].

This study applies these concepts in the Reggio Calabria FUA, Italy. The methodology
section will illustrate how this framework identifies and links areas with surplus and deficit
carbon performance.

3. Methodology

The study is conducted in the Reggio Calabria FUA, an urban area dealing with notable
spatial and environmental issues. The choice of this urban setting offers an opportunity to
test spatially targeted mitigation strategies in a context where emissions and ecosystem
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service potentials vary across the area. Figure 3 shows the land-use map of Reggio Calabria
FUA, retrieved from the Urban Atlas dataset [55].

Code Legend Classification Name

11100 @ Continuous urban fabric (S.L. > 80%)

11210 @ Discontinuous dense urban fabric (S.L. 50%-80%)

11220 [ Discontinuous medium density urban fabric (S.L. 30%-50%)
11230 [ Discontinuous low dens. urban fabric (S.L. 10%-30%)
11240 Discontinuous very low-density urban fabric (S.L.<10%)
11300 [N Isolated structures

12100 [ Industrial, commercial, public, military & private units
12210 [ Fast transit roads and associated land

12220 Other roads and associated land
12230 [ Railways and associated land
12300 Port Areas

12400 Airports

13100 [ Mineral extraction and dump sites
13300 Costruction sites

13400 [ 1 and without current use

14100 N Green urban areas

14200 Sports and leisure facilities

21000 Arable land (annual crops)

22000 Permanent crops

23000 Pastures

24000 Complex and mixed cultivation

25000 Orchards

31000 I Forests

32000 Herbaceous vegetation associations
33000 Open spaces with little or no vegetation

40000 Wetlands
50000 [FE water

91000
92000 No data

Figure 3. Land-use map of Reggio Calabria FUA, derived from the Urban Atlas dataset [55].

Urban Atlas, developed by the Copernicus Land Monitoring Service, offers standard-
ized and detailed land-use classifications for European Functional Urban Areas. Although
not a legal substitute for official zoning regulations, it generates a consistent spatial dataset
to support uniform land-use analysis among different urban contexts. Urban Atlas data
are used in this study as a proxy for land-use zoning because of its consistent classification
and spatial resolution, and thus is particularly well-suited for comparative and analytical
research. However, its minimum mapping unit (MMU) of 0.25 ha (2500 m?) for urban
classes and 1 ha (10,000 m?) for rural classes is less than ideal for the functional analysis
of urban ecosystem services. To address this gap, this study uses a hierarchical system of
spatial units. This framework divides the territory into 232 eco-districts (1600 m x 1600 m).

The study primarily considers CO, emissions, but it is also necessary to consider CO,
sequestration. This provides a clearer picture of the carbon footprint of the area. It allows
for an understanding of how much carbon various land types can absorb, which indicates
how the area can offset emissions.

Carbon metrics are utilized to estimate how much carbon can be absorbed and how
much CO, is emitted for various land uses. This is based on values from the literature
and national databases (Table 1). These parameters provide the average annual rates of
absorption or emission for each land-use type, kilograms of CO, per square meter per year
(kgCO,/ m?/ year). These rates were based on standardized coefficients from national datasets
and the prior literature. Although this may overlook localized behavioral variations, it ensures
methodological consistency and reproducibility across all spatial units.
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Table 1. Land-use categories and CO, emission/sequestration coefficients.

Code Classification Name Parameter Source
11100 Continuous urban fabric (S.L. > 80%) 37.5kg COy/ m?2/ yr x 100%
11210 Discontinuous ggnBSgoz)rban fabric (S.L. 37.5 kg CO»/m2/yr x 65%
11220 Discontinuous r(rée{hggl ;loeo;:;lty urban fabric 37.5 kg CO, /m?2/yr x 40% [56]
11230 Discontinuous lolei) d;él;.)Urban fabric (S.L. 37,5 kg CO, /m2/yr x 20%
Discontinuous very low-density urban o
11240 P (S?’L‘ ~10%) Y 37.5kg CO,/m2 /yr x 5%
11300 Isolated structures 37.5kg CO,/ m2/ yr x 1%
12100 Industrial, commgrcial, pu.blic, military, and 62.8 kg CO, /m? /yr
private units
12210 Fast transit roads and associated land Regional road transport CO, emissions downscaled to Reggio Calabria FUA, distributed
12220 Other roads and associated land per capita, then allocated to roads based on area.
12230 Railways and associated land 50 kgCO, /m? /yr [57]
Villa San Giovanni port emissions ~ 10,640 tCO, /yr
12300 Port Areas Reggio Calabria }P;ort emissions ~ 950 tCO, /yr Y (58]
Author’s calculations based
on data retrieved from the
airport’s official website
. flight schedules and
12400 Airports 72,104 tCO, /yr desiinagtions), Flightradar24
(air traffic monitoring), and
emission factors by
destination/travel distance.
There are no active mining
activities in Reggio Calabria
13100 Mineral extraction and dump sites Landfills: 0.88-2.08 kg CO,/ m2/ yr [59,60]; therefore, the
parameter applies only to
landfills [61].
13300 Construction sites 9.31 kg COp/m? [62]
13400 Land without current use 0
14100 Green urban areas —1.06 kg CO,/m? /yr [63]
14200 Sports and leisure facilities 759 kg CO,/ m?2/ yr [56]
21000 Arable land (annual crops) —0.1to —0.3kg CO,/ m?2/ yr [64]
22000 Permanent crops —0.22 to —2.17 kg CO m? yr! [65,66]
23000 Pastures —0.2to —0.7 kg CO,/ m2/ yr [64]
24000 Complex and mixed cultivation —0.15 to —0.5 kg CO,/m?/year
25000 Orchards There are no Orchards in Reggio Calabria FUA
31000 Forests —1.36 kg CO,/ m?/ yr [67-69]
32000 Herbaceous vegetation associations —0.22 to —2.17 kg CO, m? /yr [70]
33000 Open spaces with little or no vegetation 0
40000 Wetlands There are no wetlands in Reggio Calabria FUA.
50000 Water Beaches: —0.007 kg CO,/ m?2/ year [71]
Small lakes and ponds: —0.52 kg CO,/ m?/ year [72]
Rivers: —0.65 kg CO, /m?2 /year [73]
91000 No data 0
92000 No data 0

To apply this framework, the Reggio Calabria FUA was divided into 232 Eco-Districts

(see Figure 4). This primary unit of analysis is a 1600 m x 1600 m grid, which allows

for a macro-scale focus on cumulative impacts and regional carbon dynamics, such as

overall carbon sequestration capacity. While the analysis is centered on the district level

to establish city-wide strategies, the smaller units—the eco-cell and eco-community—are

included within this framework to provide a conceptual basis for demonstrating how

findings can be scaled down for future, more localized interventions.

108



Sustainability 2025, 17, 10113

231 232
222 223 224 225 226 227 228 229 230
211 212 213 214 215 216 217 218 219 220 221
199 200 201 202 203 204 205 206 207 208 209 210
186 187 188 189 190 191 192 193 194 195 196 197 198
172 173 174 175 176 177 178 179 180 181 182 183 184 185
158 159 160 161 162 163 164 165 166 167 168 169 170 171
145 146 147 148 149 150 151 152 153 154 155 156 157
132 133 134 135 136 137 138 139 140 141 142 143 144
119 120 121 122 123 124 125 126 127 128 129 130 131
106 107 108 109 110 111 112 113 114 115 116 117 118
93 94 95 96 97 98 99 100 101 102 103 104 105
81 82 8 84 8 8 8 8 8 90 91 92
JO | JVNSIRE. 735074 | 15 | 16 L77,..78,.79 80
61 62 63 64 65 66 67 68 69
PSs . 54 | 55 | 56757 4*58 59" ;60
44 45 46 47 48 49 50 51 52
B9+ 367 37 |"38.17°39 | 40 g4 1 42484

20002704 28 | 29| 30 | 31 | 32 | 33 | 34

A1 R A3 L 14 1 ASE| A6 1 47

Figure 4. Map of eco-districts and their ID numbers in Reggio Calabria FUA.

Network Construction and Visualization

After calculating the CO, emissions for each eco-district, each land-use category, and
for each land-use type within every eco-district, the resulting dataset was cleaned to remove
all records with zero values to ensure analytical consistency. The processed data were then
structured in two separate tables corresponding to the nodes and edges of the network.

The node table contained the following attributes: ID, sum (total CO, emissions),
latitude, longitude, and type (distinguishing between eco-districts and land-use categories).
The edge table included three columns: Source (eco-district ID), Target (land-use category),
and Value (CO, emissions generated by that land-use type within the corresponding
eco-district).

These two datasets were imported into Gephi (version 0.10.1), an open-source network
analysis and visualization software, where they were integrated to form a bipartite spatial
network linking eco-districts (spatial units) with land-use categories (functional units).
Each connection (edge) in the network has a numerical value showing how much CO, is
produced by that land-use type within a specific district.

A geo-layout was then generated in Gephi to spatialize the network, enabling each
district node to be positioned according to its real-world geographic coordinates.

In this structure:

e  There are two types of nodes:
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O  Eco-districts;
O Land-use categories.

e Nodes are weighted according to the total emissions of each eco-district or land-use category.

e [Edges indicate the emissions contribution of each land-use type within an eco-district.

e The weights of the edges are determined by calculating the total CO, emissions
generated by a land-use type in a specific district.

The final network was then exported and overlaid with the eco-district map of the
Reggio Calabria FUA, to enable the spatial interpretation of emission relationships within
the urban fabric.

To accurately analyze inter-district connectivity and ensure that the centrality metrics
reflected relationships only among the eco-districts, the bipartite network was projected onto a
single-mode network containing only the eco-district nodes, excluding the land-use categories.
In this network, districts are connected when they share a common border, allowing the
analysis of spatial relationships and adjacency effects influencing emission patterns.

Three centrality measures were computed to quantify the structural properties of the
projected network:

e  Degree centrality, representing the number of neighboring districts directly connected
through shared borders;

e  Weighted degree, expressing the total strength of adjacency-based connections for
each district, reflecting the magnitude of emission linkages with its neighbors;

e  Eigenvector centrality, measuring the overall influence of a district within the network,
considering both its direct connections and the importance of its connected neighbors.

In this study, centrality metrics act as a proxy for prioritization, where higher values
signal spatial units that are more connected within the urban system, suggesting that
targeting these areas could have a bigger impact on reducing CO,.

The next section will outline how this framework is applied to create specific scenarios
for the Reggio Calabria FUA.

4. Results

The overall carbon dynamics of the Reggio Calabria FUA reveal an uneven distribution
and a structurally imbalanced CO, profile. Table 2 presents a summary of the net CO;
balance across all eco-districts within the Reggio Calabria FUA. The total CO, emissions
produced by land-use activities across the study area are estimated at approximately 2.22
billion kilograms of CO; per year. On the other hand, the ecosystem-based sequestration
capacity of the urban area, driven by green areas, is estimated at around —369 million kg of
CO; per year (see Figures 5 and 6 for emissions and sequestration visualization in Reggio
Calabria FUA). The total of these estimates reveals a net CO, balance of about 1.85 billion
kilograms, emphasizing the substantial disparity between emissions and sequestration.

Table 2. Summary of net CO, balance for Reggio Calabria FUA.

Total CO, Emissions (million kg) 2222.49

Total CO, Sequestration (million kg) —368.96

Net Emissions (million kg) 1853.53
Number of Eco-Districts 232
Number of Net Emitter Eco-Districts 109
Number of Net Sequestering Eco-Districts 123
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Figure 5. CO; emission map of Reggio Calabria FUA. The color gradient represents estimated CO,
emission intensity for each eco-district, ranging from dark red (highest emissions) to light yellow
(lowest emissions).

Figure 6. CO, sequestration map of Reggio Calabria FUA. The color gradient represents CO,
sequestration capacity for each eco-district, where dark green areas indicate higher sequestration
potential and light green areas indicate lower sequestration capacity.

Interestingly, examining the distribution of eco-districts shows that 123 eco-districts
(53%) achieve net sequestration, while 109 eco-districts (47%) are net emitters. This indicates
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that over half of these spatial units contribute to carbon mitigation, though often to a
limited extent. However, the emission intensity in the net emitter cells is much greater than
the sequestration capacity of the net sequestering cells. This disproportion implies that
while green and semi-natural spaces are present, their spatial coverage is insufficient to
counterbalance the dense and emission-heavy urban zones.

The bipartite spatial network model constructed between eco-districts and land-use
types (Figure 7) reveals a highly uneven structure of emissions distribution across Reggio
Calabria’s urban fabric. By measuring the cumulative CO, emissions associated with each
district’s land-use configuration, we identified a subset of eco-districts that function as
structural hubs within the emissions network.
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Figure 7. Network visualization of land-use contributions to CO, emissions across grid eco-districts

Discontinuous dense urban fabric
(S.L.:50% - 80%)

over the thematic CO, emission map of Reggio Calabria FUA. Legend: Green nodes represent land-
use categories and pink nodes represent eco-districts. Node size is proportional to CO, emissions
(green: by land-use type; pink: by eco-district). Edge width indicates the emission share of each
land-use type within a specific eco-district.

Among the 232 eco-districts examined, five are the largest emitters of CO; in the city.
They are Districts 94, 82, 107, 108, and 72, with the highest emissions combined. Given that
the city of Reggio Calabria is located on the west side of this grid, it is clear that the highest
emissions will be concentrated in these western districts. Table 3 provides an overview of
these districts, their primary land-use types, and indicates potential planning priorities.
Figure 8 presents a close comparison of their emission profiles by land-use type, revealing
consistent peaks among significant land use functions.
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Table 3. The top 5 emission-intensive eco-districts.

Eco-District

D Total Emissions (Million kg) Most Dominant Land Use
94 165.8 Continuous urban fabric (S.L.: >80%)
82 133.9 Industrial, commercial, public, military, and private units
107 98.0 Continuous urban fabric (S.L.: >80%)
108 93.3 Continuous urban fabric (S.L.: >80%)
72 87.4 Airports
Emissions by Land Use Category Across Top 5 Eco-Districts
, 180
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$ 140
5 120
g 100
w 80
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40
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District 72 District 82 District 94 District 107 District 108
B Continuous urban fabric (S.L. : >80%) B Discontinuous dense urban fabric (S.L.: 50% - 80%)

B Discontinuous medium density urban fabric (S.L. : 30% - 50%) M Discontinuous low density urban fabric (S.L. : 10% - 30%)

B Industrial, commercial, public, military and private units M Fast transit roads and associated land
B Other roads and associated land B Railways and associated land

W Airports MW Mineral extraction and dump sites

m Construction sites B Sports and leisure facilities

Figure 8. CO, emissions (in million kg) by land-use category across the five most emission-intensive
eco-districts in Reggio Calabria FUA.

Since the Reggio Calabria FUA is divided into a grid of squares (the eco-districts)
stacked next to and above each other, it is logical to hypothesize that the degree centrality
will be identical for most districts, with the exceptions being those on the edges.

The network analysis of the urban grid’s topology reveals the relationship between a
district’s connectivity and its emission output. The results from our analysis demonstrate
that the highest emitting zones are among those with a high degree of centrality within the
network’s core, indicating not only large emission loads (weighted degree) but also strong
structural embedding (degree/eigenvector). In other words, changes in these districts
are likely to generate wider benefits across their neighboring areas. Table 4 shows the
centrality metrics of the highest emitting eco-districts identified in the earlier analysis,
along with their CO, emissions. Eigenvector centrality measures the systemic influence
of a district within the network, assigning higher values to districts connected to other
highly connected neighbors. Degree centrality indicates the number of directly adjacent
districts (those sharing borders). Weighted degree represents the total strength of these
adjacency-based connections, reflecting both the number and the intensity of relationships
among neighboring districts.
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Table 4. Network metrics for the top 5 highest-emitting eco-districts.

Eco-District’s Id Emissions Eigenvector Centrality Degree Weighted Degree
94 1.66 x 108 0.603356371 4 16
82 1.34 x 108 0.618014525 4 16
107 9.80 x 107 0.540203015 4 16
108 9.33 x 107 0.723252115 4 16
72 8.74 x 107 0.720772309 4 16

The analysis of degree centrality shows that all of the highest-emission zones
(94, 82,107, 108, and 72) have a degree of 4. The average degree of the entire network is
approximately 3.69.

The eigenvector centrality values for the top emission zones are remarkably high
(e.g., 0.60 for Zone 94 and 0.72 for Zone 108). This metric measures a zone’s influence by
assessing its connections to other highly connected districts. The high values indicate that
the high-emission zones are not isolated; they are part of a dense, influential subgraph of
the network.

This demonstrates that these areas exhibit the highest aggregated emissions, in addi-
tion to being in a central position within the network. Their emissions result from a dense
grouping of high-emitting land uses, including industrial land, continuous urban fabric,
and transport land. Their centrality means that changes in these districts can affect the
emission dynamics of neighboring areas, either through spillover effects or through the
redistribution of urban functions.

Further examination of the edges of the network, representing the weighted emission
contributions of land-use types to eco-districts, gives a hierarchy of land-use intensity
based on CO, output (Figure 9). The five leading land-use types responsible for emissions
over the urban extent are as follows:

Industrial, commercial, public, military, and private units (Total: ~524.7 million kg CO,);
Continuous urban fabric (S.L. > 80%) (Total: ~428.9 million kg CO,);
Discontinuous dense urban fabric (S.L. 50-80%) (Total: ~401.5 million kg CO,);
Other roads and associated land (Total: ~250.9 million kg CO,);

Fast transit roads and associated land (Total: ~250.9 million kg CO;).
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Figure 9. Emissions (in million kg) by land-use type.

114



Sustainability 2025, 17, 10113

Table 5 presents a breakdown of total CO, emissions by land-use category across
all eco-districts in the Reggio Calabria FUA. Industrial, commercial, public, military, and
private units stand out as the most emission-intensive, contributing over 524 million
kilograms of CO;, or about 28.3% of total emissions, despite appearing in only 63 eco-cells.
This is followed by continuous urban fabric (S.L. > 80%) and discontinuous dense urban
fabric (S.L. 50-80%), which together account for nearly 45% of emissions and are widely
distributed across the territory. Road infrastructure, including fast transit roads and other
roads, adds over 27% to the city’s overall emissions.

Table 5. Emissions by land-use category.

Land-Use Category Total Emissions (Million kg CO?) % of Total Emissions Eco-Districts Frequency

Continuous urban fabric (S.L.: >80%) 428.92 20% 63
Discontinuous dense urban fabric (S.L.: 50-80%) 401.45 19% 115
Discontinuous medium-density urban fabric (S.L.: 30-50%) 125.27 6% 112
Discontinuous low-density urban fabric (S.L.: 10-30%) 34.10 2% 106
Discontinuous very low-density urban fabric (S.L.: <10%) 3.46 0% 74
Isolated structures 1.13 0% 158
Industrial, commercial, public, military, and private units 524.71 25% 113
Fast transit roads and associated land 250.90 12% 189
Other roads and associated land 250.90 12% 189

Railways and associated land 2.53 0% 38

Port areas 16.68 1% 6

Airports 72.07 3% 4

Mineral extraction and dump sites 2.34 0% 49
Construction sites 5.03 0% 37

The land-use mix of these activities confirms that emission intensity is not a function
of the presence of land use but rather how those uses are combined and concentrated in
particular districts. For example, industrial areas are comparatively few, yet their influence
is concentrated in the eco-districts where they prevail. Road infrastructure, on the other
hand, is diffused city-wide, generating dispersed emissions patterns. The integration of
land use and network analysis highlights the systemic character of emissions in Reggio
Calabria FUA. High-emission districts are defined not only by their land-use composition
but also by how emission-intensive uses are spatially organized and interconnected within
the urban fabric.

5. Discussion
5.1. Interconnected Nature of Urban Emissions

The results collectively show that urban emissions function as part of a connected
spatial system rather than as isolated occurrences. This interconnected nature reflects how
neighboring districts and their land-use structures influence each other’s carbon outcomes.
Such a perspective challenges conventional planning approaches that assess emission
sources independently, suggesting instead that interventions in structurally central districts
can trigger city-wide mitigation effects. Recognizing these spatial interdependencies allows
planners to shift focus from static hotspots to dynamic emission drivers, creating strategies
that are both systemic and spatially coordinated.

Importantly, the analysis suggests that emission reduction efforts cannot be confined
to high-emitting districts but also to their influence in the network generally. To this end,
eco-districts can act as planning units that connect scientific models with zoning policy.
Centrality measures, for instance, highlight eco-districts which may not necessarily be
emitting the highest level of CO, but are structurally central in bridging emission-intensive
land use towards the city’s territorial organization. Intervention in these structurally funda-
mental nodes involves greater systemic leverage because improvement in these dimensions
is likely to cause spatial ripple effects, either through infrastructure interconnectivity, func-
tional interdependencies, or urban spillovers. This perspective moves the focus from static
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emission hotspots to active emission drivers, enabling more effective and targeted planning
for spatialized mitigation.

5.2. Multiscale Implications for Urban Planning

With the network analysis, the framework assists in shifting from identifying signif-
icant areas to pinpointing specific locations where action is required. The eco-districts
indicate where actions can have the most impact due to their high centrality and overall
CO;, emissions. Yet, eco-district level interventions by themselves run the risk of being
too general or extensive. To counter this, the framework can be used by urban planners
to zoom in on specific eco-communities and eco-cells within the high-priority districts.
This multiscale framework allows for hotspots of emissions to be localized and land-use
structures to be assessed in greater detail to guide spatially specific interventions.

The spatial framework adapted in this research provides a multiscale foundation for
action-oriented climate planning. At the eco-district level, results support their implemen-
tation as strategic planning units best adapted to grasping systemic trends and managing
spatial flux. Their centrality within the network implies they are optimally placed for
long-term intervention.

At finer scales, eco-community and eco-cell scales are important for identifying spatial
distinctions and applying real, localized solutions. The ability to isolate single cells with very
specific land-use patterns enables planners to zoom into zones in which the introduction of
even the smallest land-use change can stimulate measurable emission reductions. This accuracy
at the micro-level makes cities able to reconcile strategic goals with operational needs, creating a
planning approach that is systemic in scope and place-specific in execution.

Integration of different scales also enables the establishment of ecological compensa-
tion mechanisms between territorial cells. The high-emission eco-cells in central districts
can be compensated by increased sequestration in adjacent or structurally associated cells,
maintaining a less unequal territorial carbon profile and enabling a concerted trajectory
toward urban resilience.

Ultimately, this study successfully addresses its core research question: How can a
bipartite spatial network linking eco-districts and land-use categories be used to reveal
structurally influential districts and pinpoint priority locations for targeted CO,-mitigation
in an urban area? Moreover, the research met its three main objectives by first building
the bipartite spatial network between eco-districts and land-use categories. Second, the
centrality metrics successfully identified structurally influential eco-districts and dominant
emitting land uses. Finally, the analysis of these influential districts and the ability to zoom
into lower scales provided a clear basis for suggesting intervention hotspots and proposing
spatial actions.

5.3. Methodological Reflection and Scientific Contribution

This study introduces a novel methodological framework that applies bipartite spatial
network analysis to urban carbon accounting. Conventional models tend to either estimate
emissions by sector or at geographically resolutions, unable to uncover cross-scale structural
interdependencies. Conversely, this study combines the land-use emissions’ functional
logic with the spatial layout of the city, providing a data-driven yet spatial framework for
CO, mitigation in the city.

The method’s scientific validity lies in its ability to reveal relationships that are not
visible through traditional emission inventories. By linking land-use categories with eco-
districts, the bipartite structure enables a relational understanding of how emissions are
distributed and reinforced across the urban system. Furthermore, the use of network
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centrality as a proxy for influence and prioritization provides a theoretically grounded way
to translate structural properties into actionable planning guidance.

Beyond its analytical innovation, the framework strengthens the interface between car-
bon accounting and spatial planning practice. It offers a scalable and replicable workflow
applicable to other FUAs using standardized datasets such as the Urban Atlas. This en-
hances the methodological robustness of urban ecosystem service assessments by explicitly
incorporating spatial interdependencies.

5.4. Limitations and Future Research

While the spatial and structural dimensions of emissions have been thoroughly ex-
plored, in this paper the behavioral and institutional factors that influence emissions over
time are not taken into account. For example, whether residents commute to the city, how
buildings are used, or the mechanism by which policy in the city promotes green retrofits
are outside the current analytical horizon. This exclusion is methodologically justified, as
the research sought to isolate the spatial pattern of emissions employing similarly and com-
parably defined datasets. In doing so, the research creates a replicable and policy-relevant
analytical space that can subsequently be generalized when more recent, more dynamic
datasets become available.

The model also does not integrate socio-economic overlays since these datasets are typically
aggregated at administrative levels that do not align with the eco-district spatial units used in
this analysis. Including such data would introduce spatial mismatches and reduce comparability
between cities. For this reason, the current study focuses on the physical and functional logic
of emissions rather than their socio-economic context. Nevertheless, future research could
integrate socio-economic indicators to examine how emission structures intersect with issues of
spatial equity, vulnerability, and environmental justice.

The current framework also has a static representation of carbon sequestration and
lacks projections of future sequestration or land rehabilitation trends. The choice is both
an acknowledgment of current data limitations and an acknowledgment that the study is
attempting to construct a spatially explicit rather than predictive framework. Projections of
future sequestration capacity would need time-series land-use and vegetation data that are
currently not available for the case study. The model is, nevertheless, adaptive and can be
adapted to incorporate forecasted land-cover change or rehabilitation scenarios once these
data become available, rendering it more useful for climate planning across longer timescales.

Lastly, whereas Reggio Calabria FUA is the appropriate pilot city for medium-sized
European urban areas, expanding the methodology to other types of urban settings would
make it more applicable.

This research provides a transferable and reproducible framework for structural lever-
age point identification in urban CO, mitigation. The approach extends conventional
emission inventories with a spatial network methodology that reveals systemic interde-
pendency. Although behavioral, socio-economic, and temporal dynamics were beyond
the scope of this research, the model is dynamic and could develop in tandem with data
enhancement to make urban climate policy more integrated, fairer, and forward-looking.

5.5. Approaches for Urban Planning to Address Carbon Emissions

From this spatial network analysis, three key approaches for urban planning can be
developed to address carbon emissions:

e  Targeted Land Use Reconfiguration

Planners can identify the most emission-heavy eco-cells and target inefficiently used
or underutilized land, such as surface parking lots, vacant parcels, and oversized road-
ways, for redevelopment into green infrastructure. Gradually improving local parks,
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urban forests, or green roofs can reduce emissions over time and improve microclimatic
conditions.

e  Localized Retrofitting and Densification Control

For areas with dense urban development, emissions can be reduced by retrofitting
buildings for energy efficiency, controlling densification, and incorporating passive design
features. In industrial zones, adopting cleaner technologies or relocating high-emission
activities to outer regions with better compensatory capacity can also be effective.

e Ecological Compensation Across the District

Understanding that certain areas cannot be readily changed because of land-use
limitations or socio-economic value, planners are able to establish compensation strategies
on the eco-district level. Zones with high emissions can be compensated by improving
sequestration in lower-emission or neighboring cells within the same district, achieving a
practical ecological equilibrium without interfering with essential urban activities.

This ecological compensation idea is further supported by recognizing the contribu-
tion of peripheral, pre-urban lands, typically dense in natural and semi-natural land uses.
In Reggio Calabria FUA, these lands can act as key ecological resources, with compensatory
functions for more urbanized lands with low-carbon sequestration capacity. The spatial
network analysis supports that emissions and environmental activities overflow between
individual districts, so a change in one district can affect the others” environmental per-
formance. This emphasizes the need for a new planning paradigm that moves beyond
administrative boundaries and embraces a functional territorial logic. Urban mitigation
strategies would then have to consider not only where emissions are generated but where
capacities within the natural world are found, particularly in the surrounding areas, and
how activities in one location can exacerbate or counter effects in other locations in the
urban system.

This analytical framework highlights how emissions-based planning needs to function
at both scales together: employing the eco-district to direct systemic decision-making and
the eco-cell to apply site-by-site action. The approach illustrates the necessity of spatial
specificity in urban climate strategy formation and offers a basis for cities to operationalize
ecosystem services toward achieving their decarbonization ambitions.

6. Conclusions

This study demonstrates that urban CO; emissions are not independent phenomena
but part of a spatially interconnected system driven by land-use interactions. Supported
by a net emission imbalance of approximately 1.85 billion kg CO, per year, the bipartite
network analysis confirms that a city’s carbon footprint results from relational dynamics
among eco-districts rather than isolated sources. The study’s methodological approach
provides a novel and compelling window for the identification of both emission hotspots
and structurally central influencer, shifting the focus from static, geographically contained
problems to dynamic, system-wide solutions.

The findings reveal that urban CO, emissions are not always evenly spread out or
solely influenced by the intensity of land use. Rather, certain eco-districts emerge as hubs of
centrality in the emissions system, based on their land use and functional connectivity. For
instance, Districts 94, 82, 107, 108, and 72 together account for over 500 million kg CO, per
year, with eigenvector centrality values between 0.54 and 0.72, indicating their structural
influence as leverage points for city-wide mitigation. At the scale of these districts, it is
possible to identify high-emission intensity areas with dense urban form and industrial use
and limited sequestration opportunity.
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Through using a dual-scale, network analysis framework, this study presents a new
instrument for planners and policymakers seeking to coordinate climate goals into the
spatial logic of cities. The method is superior to common emissions mapping due to
its quantification not only of where emissions occur, but of how a given place shapes
emissions pathways across the city system. This systemic understanding is required
to build interconnected, place-targeted strategies that reconcile emission reduction with
ecosystem service enhancement.

At a planning scale, the research adds to the emerging discourse on climate-sensitive
and ecosystem service-based urbanism. It illustrates the potential of spatial planning to
move from static assessments towards evidence-based relational decision-making, where
mitigation is localized as well as strategically distributed across space. Incorporating CO,
emissions and sequestration within a network context also increases the ability of planning
to act as an intermediary between environmental objectives and spatial transformation.

The proposed approach is not just analytically but also highly adaptable. It relies
on publicly available geospatial data and scalable processes, thus being transferable to
other urban agglomerations with similar challenges. Highly spatially diverse and more
sustainability-focused cities can benefit greatly from this framework.

In sum, the study suggests the application of multiscale, network-analysis tools
that coordinate spatial interventions with environmental performance. In an era where
cities across the world are concerned about balancing growth with decarbonization and
resilience, methodologies such as the one presented here offer a promising pathway to
translate ecosystem service values into actionable and equitable urban policy.
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Abstract

Environmental sustainability and resilience have become urgent priorities in contemporary
urban planning as cities confront the disruptive impacts of climate change, extreme weather,
and global health crises. Within this framework, university campuses increasingly act
as catalysts for sustainable urban transformation. This research, developed within the
LOVE Sapienza and NARRATES projects, seeks to identify the key factors that enhance the
liveability of campus public spaces and to propose a dedicated methodology, supported by
the case study of the University of British Columbia (UBC) in Vancouver. The proposed
approach integrates spatial analyses, field observations, and perceptual mapping aligned
with the principles of the Charter for Resilient and Liveable Public Spaces. UBC exemplifies
how biophilic design, inclusive governance, and art-based placemaking can strengthen
resilience, social cohesion, and cultural identity. The study contributes a transferable
framework for designing and managing campus public spaces as drivers of sustainability
and urban regeneration.

Keywords: resilience; liveability; campus public spaces; sustainability

1. Introduction

Environmental sustainability and resilience have become urgent priorities in con-
temporary urban planning, particularly as cities increasingly face the disruptive impacts
of climate change, extreme weather events, and global health crises. These challenges
represent not only economic and infrastructural threats but also profound risks to human
well-being. This has generated a growing imperative to rethink how urban systems are
designed, governed, and maintained. Urban design has emerged as a crucial discipline for
addressing such complexity, shaping urban transformations that are ecologically sustain-
able, liveable, socially inclusive, and adaptable to future uncertainties. The integration of
green infrastructure, flexible public spaces, and art now constitutes a cornerstone of strate-
gies aimed at enhancing the liveability and resilience of increasingly dense and vulnerable
urban areas [1].

Within this framework, the public spaces of university campuses are assuming a
progressively more significant role. No longer isolated zones devoted exclusively to
academia, campuses today function as dynamic urban ecosystems—places where diverse
populations gather for education, socialization, work, leisure, and cultural exchange. Their
spatial, social, and environmental functions are increasingly aligned with urban priorities,
positioning them as key sites for advancing climate adaptation, community building, and
sustainable infrastructures [2].

Historically, however, university campuses were conceived as insular environments,
focused solely on academic activities and characterized by minimal interaction with the
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surrounding city. In Europe, for example, medieval universities often adopted cloister-like
layouts that emphasized separation from everyday urban life: models such as Oxford
and Cambridge epitomized this approach, privileging intellectual isolation [3,4]. By con-
trast, in recent decades, the role of campuses has profoundly evolved [5-8]: increasingly
integrated into the urban fabric, they reflect broader social transformations associated
with urbanization, sustainability, and the opening of higher education to public and so-
cial functions [9,10]. Today, universities are recognized as key actors in urban contexts,
and their public spaces—green areas, plazas, pedestrian networks, and courtyards—are
designed not only to serve academic needs but also to foster social interaction, commu-
nity engagement, and environmental sustainability [11-14]. The central challenge lies in
balancing the traditional academic mission with the growing role of campuses as social
and cultural hubs that actively contribute to urban life. Their public spaces operate as
multifunctional settings for informal learning, relaxation, and socialization for students and
faculty, while simultaneously serving as open resources for city residents, offering cultural,
recreational, and social opportunities [15-17]. Building on these premises, the present
study—conducted within the framework of two research projects both funded by Sapienza
Universita di Roma—LOVE Sapienza: Livable, enjOyable and attractiVE spaces for the
community, under the Author’s responsibility, and University and Urban Regeneration:
Redesigning Neglected Spaces and Routes with Sapienza as a Driver (NARRATES), of
which the Author is Responsible for the Architectural and Urban Regeneration Line of
Research—seeks to identify the key factors that enhance the liveability of campus pub-
lic spaces and to propose a dedicated methodology, supported by the case study of the
University of British Columbia (UBC) in Vancouver.

The aims of LOVE Sapienza include analyzing international best practices of public
spaces in universities and campuses, examining Sapienza’s sites, and proposing guidelines
for the enhancement and/or design of open public spaces in Sapienza’s facilities, with
attention to urban liveability, health, and flexibility. The aims of NARRATES include
regenerating underused public spaces in Rome through a sustainable network for non-
motorized and collective mobility connecting Sapienza University with key urban hubs
and promoting new “narratives” of sustainable places and behaviors that strengthen the
university—city relationship.

The original methodology—which was partially used in the aforementioned research
projects—developed integrated spatial analyses, field observations, and alignment with
the principles of the Charter for Resilient and Liveable Public Spaces, elaborated from the
case studies.

The Vancouver campus of UBC represents a particularly significant example of this
evolution. Situated within an ecologically sensitive context, it has evolved into a multi-
functional environment where sustainability, climate resilience, community, and artistic
expression are deeply interwoven. Through biophilic design, inclusive placemaking, and
long-term climate planning, the campus not only mitigates ecological risks but also culti-
vates a vibrant social and cultural community. Its trajectory illustrates how post-secondary
institutions can guide urban transformation by promoting public health, civic participation,
and environmental stewardship.

Resilience constitutes a central theme in UBC’s development, as the university ad-
dresses growing risks such as wildfires, heatwaves, and heavy rainfall through its Re-
silience Strategy. Notable initiatives include the establishment of “Resilience Hubs”—
multifunctional spaces that provide support during emergencies (e.g., cooling centers
or distribution hubs for essential goods) while also serving as everyday meeting places
designed to ensure accessibility, energy efficiency, and social inclusion. From an environ-
mental standpoint, UBC positions itself as a living laboratory: its Climate Action Plan

124



Sustainability 2025, 17, 9878

aims for carbon neutrality by the mid-century through district energy systems, advanced
building standards (LEED Gold and beyond), integrated water management, resilient
landscapes, and zero-waste infrastructures.

Community engagement is embedded in the Engagement Charter, which sets out
principles of transparency and inclusion, involving students, staff, Indigenous communities
such as the Musqueam, and neighboring municipalities.

Indeed, UBC’s Indigenous Strategic Plan (ISP) embeds reconciliation within all as-
pects of campus life, guiding actions that honour Indigenous rights, knowledge, and
presence. A key focus—“Enriching our spaces” (Goal 5)—promotes the integration of
Indigenous art, design principles, and cultural narratives into public spaces, ensuring that
the campus reflects Indigenous heritage and fosters inclusivity. Through collaboration
with the Musqueam and other Indigenous Nations, UBC’s open areas, pathways, and art-
works become sites of dialogue, remembrance, and respect. These interventions transform
the campus into both a learning environment and a landscape of reconciliation, where
spatial design and cultural expression advance intercultural understanding and shared
stewardship [18].

The campus’s social infrastructures are conceived as fundamental to well-being: open
spaces, greenways, and pedestrian paths encourage social interaction and physical activ-
ity; multimodal transport systems reduce emissions; childcare facilities, residences, and
recreational centers ensure a balanced and accessible environment.

Finally, the arts play an essential role in UBC’s cultural landscape. Public art—with
particular attention to Indigenous expression—is integrated into the built environment to
stimulate dialogue and cultural memory. Galleries, performance venues, and installations
serve not only the university community but the wider region, reinforcing the campus’s role
as a cultural hub (University of British [18-20]. This case demonstrates how contemporary
campuses, by reconfiguring their role within cities, can reconcile academic, social, and
ecological objectives. Their public spaces, increasingly crucial, shape the liveability and
resilience not only of university communities but also of the cities that host them. The
paper is structured as follows: Section 2 discusses the main components of a resilient and
liveable campus; Section 3 illustrates the methodology for analyzing and designing campus
public spaces; Section 4 presents the case study; Section 5 offers the observations; and
finally, Section 6 concludes the study.

2. Universities and Campus Public Spaces: Resilience and
Liveability Factors

The design of public spaces within university campuses must respond to the complex
and evolving needs of a heterogeneous user base, comprising students, faculty, staff, and
residents. In high-density urban environments, where land availability is often constrained,
universities frequently face spatial competition from other land uses [21-23].

As a result, the allocation of land for public open space is limited, necessitating design
strategies that maximize spatial efficiency and multifunctionality within compact footprints.
The need to reconcile diverse expectations—ranging from students seeking environments
conducive to study and socialization, to residents utilizing campus areas for leisure and
recreation—further complicates spatial planning. Addressing these competing demands
requires a carefully calibrated approach that integrates resilience, adaptability and flexibility
into spatial design [24].

In addition to programmatic versatility, public space design must prioritize core
principles of safety, comfort, and accessibility. The provision of well-lit and clearly legible
circulation paths is essential to ensure perceived and actual safety, particularly during
non-daylight hours. Furthermore, incorporating adequate seating, shaded zones, and
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protection from adverse weather conditions contributes to prolonged and equitable use
of outdoor spaces. Crucially, accessibility must be approached through an inclusive lens,
ensuring universal access for individuals with disabilities. When successfully implemented,
these strategies foster not only usability but also broader outcomes such as psychological
well-being, social connectivity, and a sense of belonging within the campus community.

2.1. Resilience

The concept of resilience, together with that of adaptation, describes the capacity of a
system to absorb shocks, reorganize, and maintain its core functions without losing identity
or purpose. Originating in the field of ecology with Holling’s seminal studies (1973) and
later extended across a wide range of disciplines—from spatial planning to psychology,
sociology, and economics—it has become a transversal category, useful for interpreting
the complexity of contemporary societies and their vulnerabilities. Within this research,
resilience is operationally defined as the measurable capacity of the campus environment to
prevent, withstand, and recover from environmental, infrastructural, and social disruptions
through integrated spatial, technological, and community-based strategies. Resilience does
not merely denote a passive reaction to crises; rather, it is understood as a dynamic process
involving prevention, adaptation, and transformation [25].

In the context of university campuses, resilience acquires a distinctive relevance, as
these environments operate as “miniature cities” characterized by heterogeneous pop-
ulations and a concentration of educational, social, cultural, and residential functions.
The COVID-19 pandemic represented another major test of resilience: campuses that
had already integrated outdoor learning environments—such as the University of British
Columbia in Vancouver—were able to cope more effectively with the disruption, experi-
encing only a brief interruption of in-person teaching [19]. University public spaces are not
simply are as of transit, but multifunctional platforms that support community life and
foster social cohesion. Squares, green corridors, libraries, courtyards, and communal areas
function as social infrastructures that reduce isolation and strengthen bonds among individ-
uals and groups, contributing to the construction of belonging and collective identity [26].
At the same time, these spaces play a crucial environmental role by mitigating the effects of
climate change through nature-based and integrated solutions such as sustainable urban
drainage, vegetative shading, permeable surfaces, and biodiversity enhancement [27]. In
this sense, environmental and social resilience are intertwined, producing places capable
of accommodating everyday needs while serving as critical infrastructures during times
of crisis.

The application of resilience to university spaces is closely linked to the notion of
preventive resilience, which presupposes strategic investments, long-term planning, and
inclusive governance [28,29]. This approach requires not only the identification of potential
vulnerabilities, but also particular attention to groups most at risk during crises. On cam-
puses, these may include international students, individuals living in collective residences,
persons with disabilities, or those in precarious economic conditions. Social resilience
thus translates into universal accessibility, equitable distribution of resources, attention to
mental health, and enhanced perceived safety [30]. Resilient spaces are inherently inclusive:
they accommodate cultural and social diversity, promote dialogue and participation, and
strengthen networks of mutual support.

Mobility is another key dimension. Reducing automobile dependency forms an
integral part of resilience: campuses that prioritize walkability, cycling, and public transport
not only deliver environmental benefits but also provide safer and more continuous flows
under crisis conditions. Public spaces thereby become connective corridors that integrate
multiple modes of mobility and guarantee legible, safe, and redundant routes, avoiding
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single points of vulnerability [31]. In recent years, increasing attention has been paid to
designing spaces that serve everyday academic, social, and cultural functions but can
rapidly transform into shelters and support centres during emergencies. Such spaces
can provide protection against extreme weather events, distribute food and water, and
ensure energy and information connectivity in the event of service disruptions. Within
university campuses, libraries, student centres, and gyms can perform these dual roles,
reinforcing the conception of public space as critical infrastructure with both ordinary and
extraordinary functions.

Resilience in public space also encompasses cultural and symbolic dimensions. Access
to nature and high-quality landscapes directly influence psychological well-being, reducing
stress while supporting concentration and creativity [32]. Tree-lined pathways, community
gardens, and teaching orchards create regenerative environments that strengthen a sense of
community. In parallel, public art, collective events, and cultural celebrations consolidate
the identity of the campus as a locus of shared memory and social innovation.

2.2. Well-Being

Liveability is operationally defined here as the set of environmental and social condi-
tions that support human well-being, comfort, and inclusivity within the campus context.
Main factors include thermal comfort, perceived safety, accessibility score, and health-
related quality of life. This concept has gained increasing relevance in urban planning
as cities seek to create environments that enhance human well-being. Within university
campuses, liveability [33] is crucial not only for students, faculty, and staff who spend
significant time in these spaces, but also for the broader urban communities that interact
with campus facilities [34]. Universities are no longer solely educational institutions; they
now function as social, cultural, and economic actors within cities, shaping the urban
landscape and fostering community well-being.

The contribution of public spaces to individual physical and psychological health
is well documented in environmental and urban studies. In the campus context, one of
the most significant determinants of liveability is the integration of green infrastructure.
Numerous studies highlight the benefits of natural environments—parks, gardens, and
vegetated open spaces—for mental health and psychosocial well-being. Exposure to such
settings is associated with reduced stress, improved mood, and strengthened social cohe-
sion, particularly through informal social interactions [1]. Among these spatial typologies,
the concept of “healing gardens” has gained prominence. Incorporating trees, flowering
plants, and water features, they offer restorative experiences that provide refuge from
academic pressures. Evidence shows that such spaces support cognitive restoration and
emotional resilience among students and staff [22,35]. More broadly, the presence of natural
settings contributes to calmness and focus, both positively correlated with academic perfor-
mance and psychological health. Physical activity represents another essential dimension
of liveability, closely tied to both mental and physical health. Walking paths, sports fields,
outdoor fitness installations, and open activity zones encourage daily movement and ex-
ercise, improving cardiovascular health, reducing risks of chronic illness, and enhancing
emotional stability [36,37]. These spaces thus function not only as recreational amenities
but as critical components of public health infrastructure [38].

Green and open spaces also provide micro-breaks that counteract stress-induced
fatigue in demanding academic environments. This aligns with biophilic theory, which
posits an innate human affinity with nature and explains the calming effects of natural
settings. Empirical evidence links time spent in nature to reduced cortisol levels and
improved emotional well-being.
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Beyond individual outcomes, campus public spaces play a social role, fostering in-
clusive and cohesive communities. They provide platforms for casual, unstructured en-
counters that promote interpersonal connections and reduce isolation—an issue frequently
observed in academic contexts [35]. Plazas, seating areas, and outdoor cafés enable interac-
tion across disciplinary, cultural, and generational boundaries, enriching the social fabric
of the university. In doing so, they contribute both to individual well-being and to the
cultivation of a supportive, diverse campus culture.

2.3. Connectivity

Connectivity is a factor that is necessary to open the campus to the city and create a
social sustainability.

Historically, university campuses were conceived as insular environments, reinforcing
the notion of academia as a world detached from everyday urban life. Contemporary urban
dynamics—marked by population growth, densification, and shifting socio-economic
priorities—have transformed this paradigm. Today, the boundaries between campus and
city are increasingly porous, requiring a reconceptualization of the university’s role within
the broader urban ecosystem.

A key driver of this shift is the recognition of universities as catalysts for urban
regeneration, particularly in areas lacking accessible public infrastructure or facing socio-
economic challenges [37]. Many institutions have therefore embraced the “open campus”
model, reimagining their estates as multifunctional, publicly accessible environments
that provide value beyond the academic community. By integrating green infrastructure,
cultural amenities, and socially oriented services, these campuses actively contribute to
urban liveability [38,39].

This model is especially relevant in cities with limited public space. Universities often
hold large land assets, and by opening portions of their estates for public use, they help
address urban deficits in recreation, ecology, and social infrastructure. Moreover, through
the development of connective elements—pedestrian corridors, bicycle lanes, bridges,
and transitional nodes—campuses foster physical and symbolic integration with their
urban surroundings.

Designing for connectivity requires prioritizing inclusivity. Universal design principles
must be applied to pedestrian paths, seating, and gathering spaces, ensuring accessibil-
ity for people of all ages and abilities. Locating green spaces near academic buildings,
residences, and public transport nodes further enhances usability and equitable access [1].

Connectivity also extends to programmatic strategies. Universities that host cultural
events, community outreach programs, and open-access learning initiatives contribute
to intellectual and social enrichment beyond academia. Such activities foster reciprocal
exchanges between universities and their cities, strengthening civic legitimacy and reinforc-
ing their role as drivers of cultural vitality. In this evolving model, the campus emerges as
both a spatial and societal interface—one that advances educational goals while supporting
urban resilience, liveability, and community engagement.

2.4. Sense of Community

The Sense of community in Campus public spaces-including furniture and equipment-
is important to create interactions not only for students, faculty, and staff, but also
for urban populations that engage with campus facilities [34,35]. Public spaces are
central to this framework, functioning as enablers of community-building and infor-
mal social interaction. They play a critical role in shaping what Oldenburg defines
as “third places”—neutral settings beyond home and work that facilitate inclusive encoun-
ters across diverse groups [40—42]. On campuses, the relevance of third places is amplified
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by population diversity and fluidity. Students, faculty, staff, and visitors embody a wide
spectrum of cultural, social, and economic backgrounds. Campus life encompasses overlap-
ping communities—some permanent, others transient—ranging from formal institutional
structures to informal networks organized around shared interests or digital platforms.
These dynamics demand shared and accessible environments where both planned and
serendipitous encounters can occur [35].

Spaces such as plazas, libraries, cafés, and outdoor seating areas are thus essential for
cultivating a vibrant and cohesive campus culture. They not only facilitate daily socializa-
tion but also support intercultural exchange, emotional belonging, and the development
of interpersonal networks. Designing such spaces requires grounding in principles of
inclusivity and diversity, ensuring responsiveness to a variety of user needs and practices.

Inclusive design extends beyond physical accessibility to social and cultural accessi-
bility. This entails flexibility—providing quiet areas alongside active zones, formal and
informal seating, and opportunities for both individual and collective use [1]. Cultural
sensitivity is equally important: for international students and visitors, elements such
as culturally resonant vegetation, public art, or food offerings can foster familiarity and
comfort. Through these strategies, campus public spaces become environments where
diversity is acknowledged and celebrated, strengthening community ties and enhancing
the overall liveability of the campus.

3. Methodology

In recent decades, the understanding of university spaces has evolved beyond their
traditional role as functional supports for teaching and research (Figure 1).

‘ Definition of Study Area ]

A

‘ Observation and surveys ‘

{ ‘ Traditional analysis ‘ ]

A

N\

Mosaic of healthiness and resilience ]

v

Coherence with healthiness and
resilience principles

[ Identification of design interventions ]

Figure 1. Methodological flow chart (Source: Author’s Elaboration).
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They are now increasingly regarded as complex environments that influence psycho-
logical and physical well-being, quality of life, and the sociality of academic communities.
Within this framework, it becomes necessary to employ a methodology conceived as an
innovative tool for the analysis, design, and transformation of university public spaces.
This methodology is grounded in an integrated approach that combines direct surveys,
cartographic tools, and universal principles of healthiness and urban liveability [40]. The
methodological framework is articulated into six sequential phases, designed to ensure a
logical progression from observation to design proposal.

Phase 1 consists of defining the study area within the campus. This preliminary
step is essential to circumscribe the scope of investigation, establishing the physical and
functional boundaries of the university public space under analysis. Through site visits
and preliminary observations, the main gathering areas, circulation routes, and connection
nodes are identified, providing the operational basis for subsequent analyses.

Phase 2 focuses on the systematic observation and classification of the physical, social,
and perceptual characteristics of public spaces, as well as the movements and behaviours of
people traversing them. Quantitative and qualitative data are collected on flows, activities,
and user categories, distinguishing among students, faculty, technical staff, visitors, and
members of the surrounding community. The observation framework (Table 1) records the
type of activity (leisure, transit, sports, work), the quantity of people, and their frequency
and pace of movement, each evaluated on a Low-Medium-High scale. This allows for a
comparative analysis of intensity, rhythm, and spatial distribution of use.

Table 1. People and Activities Survey.

Activity People Quantity of People Frequency Pace

Locals, students,
visitors, professors, Low, medium, high Low, medium, high  Fast, moderate, slow
workers

Leisure, transit,
sports, work

Simultaneously, the perceptual dimension of space is explored through on-site and
survey-based assessments that capture users’ sensory experiences (Table 2). Visual, acous-
tic, olfactory, tactile, gustatory, and mixed perceptions are documented, each rated in
terms of quantity (Low-Medium-High) and quality (Pleasant-Neutral-Disturbing). This
dual evaluation recognizes that environmental quality derives not only from measurable
physical parameters but also from the subjective sensations and affective responses elicited
by place.

Table 2. Perceptions Survey.

Visual Acoustic Olfactory Gustatory Tactile Mixed
Perception Perception Perception Perception Perception Perception
Quantity: Low,
Medium, High
Quality: Pleasant,
Disturbing, Neutral

The phase also includes the cataloguing of facilities, equipment, and furnish-
ings (Table 3), assessing their type, characteristics, and maintenance status using the
same Low-Medium-High scale. Special attention is given to sustainability-oriented
devices—such as solar-powered lighting or recycling bins—and to artistic or symbolic
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elements like sculptures or street art, which contribute to the identity and inclusiveness of
the space.

Table 3. Facilities and Equipment Survey.

Sustainability-
Equipment Orl.ented Transport Artistic
Access (Free, Urban Equipment Means
. Pathways . (Play- Products
with Steps, ; Furniture (Solar- (Cars,
. (Pedestrian, . . ground, . (Sculptures,
Turnstiles, Cycling, etc) (Bins, Light Sports Powered Bikes, Street Art
etc.) yelng, etc. Poles, etc.) Etc) ! Poles, Scooters, etc) ’
’ Recycling Metro) ’
Bins, etc.)
Type
Maintenance
Status: Low,
medium, high

Overall, Phase 2 provides a multi-layered understanding of campus public spaces
by combining behavioural observation, sensory perception, and infrastructural assess-
ment. The use of standardized parameters (Low-Medium-High) ensures comparabil-
ity across sites and facilitates the translation of empirical observations into design and
management guidelines.

Phase 3 involves traditional cartographic and morphological analysis. This stage ex-
amines the physical components of the campus context—roads, green areas, buildings, and
infrastructures—placing them within an overall vision. It is a crucial step for understanding
the relationship between the academic space and the surrounding urban fabric, as well as
for highlighting the potential and criticalities of the existing morphological structure.

Phase 4 identifies the elements of healthiness and resilience within the campus public
spaces by superimposing the information collected in the previous phases. The objective
is to create a composite map highlighting which areas are healthier and more resilient,
and which require corrective interventions. This synthesis provides the foundation for
comparative evaluation.

Phase 5 consists of assessing the degree of healthiness and resilience by verifying
coherence with guiding principles. These principles, constituting a “Charter for Resilient
and Liveable Campuses,” span material needs—such as cleanliness, maintenance, and
removal of architectural barriers—as well as immaterial aspects, including place iden-
tity, educational functions, the presence of art, and the use of digital technologies for
heritage enhancement.

The principles include:

Ensuring accessibility for all potential campus users;

Eliminating architectural barriers that discourage use;

Balancing natural, landscape, and infrastructural elements;

Designing flexible, adaptable spaces that can serve in both ordinary and emergency conditions;
Guaranteeing adequate natural and artificial lighting while minimizing artificial

light pollution;

Maintaining cleanliness and proper upkeep;

e Creating a sense of safety and protection for those walking, studying, or resting in
public spaces;

e Reducing or eliminating noise generated by transport systems;

e Providing adequate cycling lanes and internal-external campus connections;

e  Using natural, preferably local, materials;
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Incorporating water features that foster vitality;

Ensuring usability in diverse weather and seasonal conditions;
Preserving both place identity and intangible site characteristics;
Supporting varied functions such as play, relaxation, and walking;
Facilitating physical activity with equipment or dedicated spaces;
Promoting art in its various forms;

Encouraging participation and a sense of belonging;
Implementing effective wayfinding systems;

Paying attention to waste separation and recycling;

Recognizing healthy nutrition as an essential principle of campus sustainability.

This verification not only measures compliance with shared standards but also identi-
fies criticalities and opportunities for improvement.

Phase 6 culminates in the identification of design interventions, elaborated on the
basis of collected data. These interventions must align with the Charter’s principles and
integrate coherently with the university’s strategic development plans. The final outcome
is a comprehensive mosaic that not only represents the current state of public spaces but
also outlines potential pathways for their transformation.

4. UBC Vancouver Campus

The methodology was tested on several exemplary university campuses whose public
spaces represent key indicators of environmental and social quality for both academic
communities and visitors. These include University of British Columbia (UBC Vancou-
ver), Sendre Campus (Copenhagen), WU Vienna University of Economics and Business,
University College Dublin (UCD), Wuhan University, Xi’an University of Architecture
and Technology (XAUAT), and the University of California campuses at Berkeley and San
Francisco-Mission Bay.

The comparative analysis of Sendre Campus, WU Vienna, and UCD highlights how
European campuses function as resilient, inclusive, and liveable urban ecosystems. Each
demonstrates strong connectivity with its urban surroundings through open spatial struc-
tures, pedestrian and cycling networks, and integration with public transport. Field
observations and surveys confirm that these environments promote well-being through
accessible, green, and multisensory spaces fostering study, leisure, and social interaction.
Users value biodiversity-oriented landscapes, shaded seating, and multifunctional plazas
enhancing comfort and year-round usability. Despite this, exposure to weather extremes
underscores the need for more adaptive and climate-responsive design. In the North
American context, UC Berkeley and UCSF Mission Bay offer two complementary models.
Berkeley’s historic campus, embedded in the urban fabric, embodies a hybrid ecosys-
tem where cultural memory, civic activism, and nature coexist. Mission Bay, conversely,
represents a paradigm of health urbanism, integrating research, clinical care, and commu-
nity well-being within a sustainable spatial framework. In China, Wuhan University and
XAUAT demonstrate distinct yet convergent approaches. Wuhan integrates its campus
within the natural landscape of Luojia Hill and East Lake, fostering contemplative and
environmental harmony, while XAUAT’s design uses courtyards and experimental gardens
as pedagogical spaces, merging learning, research, and social interaction. Among these
case studies, the case of UBC Vancouver is of particular interest and will be illustrated in
detail below. It represents a campus where public spaces embody resilience and liveability
for all, in line with the broader planning principles of the city.

The University of British Columbia (UBC), headquartered in Vancouver, constitutes
one of the most significant examples of a North American campus designed and managed
according to advanced principles of environmental and social sustainability. The study
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area corresponds to the main campus, located on the Point Grey Peninsula, an extensive
site combining academic, residential, cultural, and sports functions, interwoven with a
complex system of open public spaces. The delimitation follows a dual logic: on the one
hand, the physical and administrative boundaries of the campus, regulated by controlled
access; on the other, the perception of the public spaces actually used by users. Within this
perimeter, particular importance is given to central plazas (such as Martha Piper Plaza),
pedestrian and cycling greenways, courtyards within academic buildings, equipped green
areas, commons, outdoor sports facilities, and informal recreational spaces. A specific
focus is directed toward the relationship with the surrounding context: UBC stands on the
unceded traditional territory of the Musqueam community, which confers a functional,
environmental, and cultural-symbolic value to its public spaces. Artistic installations,
Indigenous works, and participatory processes aimed at recognizing local cultural heritage
are thus integral to the study area definition. Phase 1 therefore produces a clear delimitation
of the study area, comprising the main public spaces, slow-mobility corridors, and activity
nodes guiding population flows.

Phase 2 relies on direct and indirect surveys to map activities, flows, perceptions,
and material provisions. Data sources include field visits and survey-based investigations,
which provided both qualitative and quantitative information on the use and perception of
public spaces.

The campus population is highly heterogeneous, including undergraduate and gradu-
ate students, researchers, faculty, technical and administrative staff, visitors, and members
of local communities.

The intensity of use varies according to the time of day and the academic calendar:
daytime is characterized by circulation and study/work activities; breaks coincide with
social and recreational practices, while specific areas host sports, leisure, and cultural events.
Movement rhythms are diverse: fast along classroom-library connections, moderate along
greenways, and slow in plazas and commons where pauses prevail.

Sensory perceptions reveal an overall positive image: visually, modern buildings alter-
nate with green landscapes and panoramic views of the ocean and mountains; acoustically,
the environment is generally pleasant due to limited car traffic, although higher noise levels
are recorded near main road nodes; natural scents of grass and wood positively influence
olfactory perception; tactile sensations are enhanced by the use of natural materials such as
wood and stone in pavements and furnishings.

Equipment includes benches, waste-sorting bins, lighting, bike racks, playgrounds,
and sports facilities (Figures 1-6). Sustainable technologies such as solar lighting, rainwater
management systems, and digital information panels are widespread, while maintenance
standards remain consistently high.

Artistic and cultural features—particularly Indigenous installations—endow public
spaces with a strong cultural identity: far from mere decoration, public art stimulates
reflection, belonging, and recognition of local communities. Example tables are represented
in the following (Tables 4-6).

Cartographic and morphological analysis allows the identification of the campus’s
physical and infrastructural elements and their alighment with healthiness objectives
(Figure 7). The system appears compact, with clear distinctions among central academic
areas, student residences, sports facilities, and services. The open-space network functions
as green infrastructure connected both to surrounding natural areas and to internal mobility
systems. Main entrances are designed to favour multimodal transport—bus, cycling, and
pedestrian flows—while reducing car dependency through greenways and progressive
pedestrianization of internal streets. Landscape integration is of great value: proximity to
the ocean and forests enhances aesthetic attractiveness, strengthens perceptions of health-
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iness, and provides daily opportunities for contact with nature. District energy systems
and LEED Gold building standards demonstrate an advanced sustainability approach,
while the innovative Resilience Hubs provide spaces for ordinary social activities that can
be rapidly transformed into community support centres during emergencies. This phase
systematically maps material and infrastructural components, confirming alignment with
sustainability goals and highlighting resilience as a guiding criterion.

Figure 3. UBC Campus public space, detail of bicycle parking area (Source: Author’s Archive).
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Figure 5. UBC Campus area for relaxing (Source: Author’s Archive).

Table 4. Campus Core People and Activities Survey.

Activity People Quantity of People Frequency Pace

students, visitors,

medium medium slow
professors, staff

Leisure, transit
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Figure 6. UBC Campus indigenous sculpture (Source: Author’s Archive).

Table 5. Campus Core Perceptions Survey.

Visual Perception Acoustic Perception  Tactile Perception Mixed Perception
Landscape-ocean . .
and mountains Voice of people Grass serenity
Quantity: Low, . . . .
Medium, High Medium Medium Medium Medium
Quality: Pleasant,
Disturbing, Neutral Pleasant Neutral Pleasant Pleasant
Table 6. Campus Core Facilities and Equipment Survey.
Sustainability-
Access (Free, Pathways Urban Furniture Eoll;lier::ii t Artistic Products
with Steps, (Pedestrian, (Bins, Light ( Solczli r-II’,owere d (Sculptures,
Turnstiles, etc.) Cycling, etc.) Poles, etc.) . Street Art, etc.)
Poles, Recycling
Bins, etc.)
Type Free Pedestrian Benches, light Solar-powered .Indlgen.ous
poles poles installations
Maintenance
Status: Low, High High High High High

medium, high

Phase 5 synthesizes evidence from surveys and cartographic analysis to identify factors

underpinning UBC’s resilience and liveability. Key strengths include: Environmental

quality, expressed through abundant green spaces, connection with surrounding nature,

and use of natural, sustainable materials;
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Figure 7. UBC Campus plan (Source: https://maps-vancouver.com/ubc-campus-map, accessed on
30 October 2025).

Mobility, with an extensive network of pedestrian and cycling paths and reduced
car use; Social accessibility, reflected in inclusive gathering spaces and participatory pro-
cesses involving students, staff, and the Musqueam community; Resilience and safety,
demonstrated by the presence of Resilience Hubs and sustainable energy infrastructures;
Cultural value, shaped by a visual and symbolic identity reinforced through public and
Indigenous art.

Challenges remain, however: limited coverage reduces year-round usability; residual
architectural barriers persist in secondary areas; there is demand for more light sports and
informal social facilities; and some traffic nodes generate noise levels that compromise
acoustic comfort.

Verification against the Charter principles confirms that UBC transmits widespread
feelings of well-being and happiness, supported by abundant greenery, perceived safety,
and vibrant social life. Spaces are not limited to students but also attract families, chil-
dren, and seniors, particularly in green and cultural areas, confirming intergenerational
inclusivity. Accessibility measures are largely effective, though some barriers remain in
older facilities. Balance between natural elements and infrastructure is well achieved,
lighting is adequate though sometimes excessive, and maintenance is consistently high.
Noise is reduced in central areas but persists near traffic corridors. Cycling infrastructure
is widespread, though intersections require improvements. Sensory quality is enriched
by natural scents and tactile use of local materials. Public spaces support a moderate
rhythm of daily activities, with ample opportunities for pause, walking, and socialization,
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though seasonal usability declines in winter due to harsh, rainy weather. Campus identity
is strongly preserved through ties with the Musqueam community and Indigenous art.
Functional diversity is ensured by a variety of study, leisure, sports, and cultural areas,
though light physical activities could be better supported by specific equipment. Public
art is highly valued, and playful, interactive elements could be expanded. Educational
functions are enriched by panels, museums, and learning trails, complemented by digital
technologies enabling interactive engagement.

Phase 6 translates findings into concrete design interventions. For UBC, priority
actions include:

Development of climate-adaptive infrastructures such as lightweight canopies, per-
golas, and covered multifunctional areas; introduction of more water elements (fountains,
reflecting pools, interactive installations) to reinforce sensory and symbolic dimensions;
completion of universal accessibility, eliminating residual barriers and redesigning sec-
ondary routes inclusively; expansion of sports and fitness facilities (e.g., gentle exercise
areas, yoga spaces, fitness trails); enrichment of public art, integrating interactive and play-
ful installations; strengthening of cycling infrastructure, focusing on safer intersections and
increased bike parking; implementation of digital tools for communication and storytelling,
to promote cultural heritage and community belonging.

These interventions are fully consistent with the strategies of Campus Vision 2050 [20,43]
already underway at UBC in the fields of sustainability, resilience, and inclusion. Collec-
tively, they consolidate the image of the campus as an international model of healthy,
liveable, and joyful public space [44].

5. Observations on the Case Study

UBC has developed as a complex urban ecosystem, capable of integrating academic,
residential, cultural, and recreational functions within a high-value landscape setting. In
this perspective, resilience and liveability are not ancillary outcomes but guiding crite-
ria that inform the entire life cycle of public space: from morphological layout to mate-
rial choices, from water management to programming and use, through to the construc-
tion of identity and belonging. The underlying premise is that an environment able to
host everyday practices under ordinary conditions—study, encounter, play, movement,
contemplation—is also an environment that, under extraordinary conditions, can absorb
shocks, reorganize, and ensure continuity of essential services.

In terms of climate adaptation, the resilience strategy takes shape through infras-
tructures that connect physical and social dimensions. The Resilience Hubs represent the
fulcrum of this vision: hybrid places that, in normal times, support programs for well-
being, sociality, and learning, while, in emergencies, reconfigure as cooling centres and
hubs for the distribution of water and food, and for access to energy and information.
Their effectiveness depends not only on technical solutions (energy efficiency, emergency
systems, network redundancy), but also on universal accessibility, proximity to pedestrian
flows, and symbolic recognizability, so that they are perceived as common goods rather
than sector-specific facilities.

Campus liveability is supported by a coherent network of open spaces that privileges
walking and cycling. Greenways, plazas, and commons are conceived as devices for ecolog-
ical and social continuity: by connecting buildings and amenities, they sustain active mo-
bility, multiply opportunities for informal encounter, and increase perceived safety through
the steady presence of users and legible routes. Within this light infrastructure, the use of
natural, locally sourced materials (wood, stone), vegetative shading, permeable surfaces,
and distributed stormwater management mitigates heat islands, runoff, and environmental
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stress, translating biophilic design principles into accessible sensory experiences—scents of
grass and wood, tactile textures, and views toward the ocean and forests.

The cultural dimension is another structural lever of resilience. Collaboration with
the Musqueam community and the integration of public art—with particular emphasis on
Indigenous works—acknowledge the identity of place and activate a pedagogy of space
that connects memory, care, and territorial justice. Far from mere decoration, art functions
as a language of mediation and cohesion: it marks routes, renders nodes recognizable,
produces shared narratives, and strengthens symbolic anchoring as well as the quality
of experience.

To enhance the analytical and operational clarity of the case study, the identified
strengths and challenges can be systematized through a priority matrix that evaluates each
proposed action according to its impact and feasibility, and associates it with a suggested
timeframe (short, medium, or long term). High-impact and high-feasibility actions include
the expansion of shaded and permeable areas, the improvement of cycling networks, and
the integration of interactive public art—all of which can generate tangible benefits for
comfort, mobility, and cultural inclusion within a short to medium horizon. Medium-
impact interventions with lower feasibility, such as the extension of resilience hubs or the
implementation of advanced stormwater systems, would require longer-term planning
and additional funding.

6. Conclusions

The paper has illustrated the main factors of liveability and resilience in campus public
spaces, together with an original methodology for their analysis and design. Among the
case studies, the best practice of the University of British Columbia (UBC) in Vancouver was
examined, revealing that resilience and liveability are not merely desirable attributes but
structural components of a sustainability framework capable of enduring over time. The
most significant outcome lies not in the sum of individual interventions, but in the systemic
quality that interrelates them: legible and connected open spaces, inclusive governance, a
culture of place, ecological resource management, and climate adaptation capacity. This
interweaving generates positive externalities across multiple dimensions—environmental,
social, health-related, and educational—consolidating the campus as a civic platform that
promotes public well-being beyond institutional boundaries.

From a theoretical perspective, the UBC case confirms that resilience extends beyond
resistance to disturbances, incorporating institutional learning and the redefinition of prac-
tices of use. Liveability, in turn, transcends aesthetic or perceptual aspects to function
as an everyday infrastructure encompassing active mobility, shading and microclimatic
comfort, spaces for rest and encounter, universal accessibility, and perceived safety. When
these elements are coherently coordinated and properly maintained, the university campus
becomes a device capable of reducing vulnerabilities, generating social capital, and en-
abling healthy behaviours. The integration of art and place memory—particularly through
dialogue with the Musqueam community—demonstrates that culture forms part of the
cognitive security of space: it orients, includes, and empowers.

From a methodological standpoint, the proposed approach has proven effective in
organizing heterogeneous data—field surveys, sensory perceptions, and cartographic
analyses—and translating them into actionable strategies. Its added value lies not only in
the sequencing of phases but also in the iterative possibility of revisiting results through
the lens of the Charter of Resilient and Liveable Campuses. This verification distinguishes
between superficial compliance and genuinely experienced quality, preventing sustain-
ability from being reduced to certifications or performance standards disconnected from
everyday life. The integration of both quantitative and qualitative dimensions—metrics
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and narratives such as indicators, perception maps, and climate diaries—emerges as crucial
for informed, context-sensitive decision-making that accounts for seasonal dynamics and
diverse social needs.

From a theoretical contribution standpoint, the integration of the Curriculum + Char-
ter represents a transferable and comparable framework for campus planning. It provides
a replicable structure linking educational content (the Curriculum) with spatial and oper-
ational principles (the Charter), enabling institutions to evaluate and design their public
spaces through a shared matrix of criteria. This framework can serve as a reference model
adaptable to diverse cultural and environmental contexts, fostering cross-campus bench-
marking and knowledge exchange in the field of sustainable campus development.

From an operational perspective, the UBC experience suggests three strategic tra-
jectories that campuses—and, more broadly, large public estates—can adopt to reconcile
adaptation, equity, and spatial quality. The first concerns the climatic maintenance of
open spaces, moving beyond routine care toward seasonal management that includes
permeable surfaces, lightweight shelters, wind screens, and low-impact thermal comfort
devices. The second involves water as both environmental and cultural infrastructure:
not only the technical management of stormwater, but also the staging of water cycles
through educational and experiential installations such as fountains, small cascades, and
visible collection systems. The third relates to slow mobility as a universal service, through
protected cycling networks, continuous sidewalks, inclusive wayfinding, and micro-areas
for gentle physical activity near residences and classrooms.

Looking ahead, the proposed methodology offers a scalable framework adaptable
to other university campuses and large institutional estates worldwide. By integrating
environmental performance with social and cultural dimensions, it provides a replicable
model for the design and management of resilient and liveable public spaces. Nonethe-
less, certain limitations must be acknowledged: the study’s focus on a single case—the
UBC Vancouver campus—may not capture the full diversity of geographical, climatic, or
governance contexts elsewhere, and the predominance of qualitative data calls for further
quantitative validation. Future research could therefore expand the empirical base and
test the framework across different cultural and environmental settings, including health-
care facilities, research parks, and civic precincts, where similar dynamics of coexistence,
mobility, and adaptation define the everyday landscape of collective life.
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Abstract

Urban models support sustainable, resilient, and equitable planning, but their validity
hinges on underlying spatial data. This study examines the epistemological and techni-
cal consequences of relying on two dominant yet divergent platforms—OpenStreetMap
(OSM) and Google Maps—for extracting proximity-based amenities within the 15-min city
framework. Across four European contexts—Versilia, Gothenburg, Nice, and Vienna—we
compare (i) data completeness and spatial coverage; (ii) semantic categories; and (iii) the
effects of data heterogeneity on accessibility modelling. Findings show that OSM, while
semantically consistent and openly accessible, systematically underrepresents peripheral
amenities, introducing bias towards urban cores in accessibility metrics. Conversely, Google
Maps provides broader coverage but is constrained by dependencies on extraction methods,
opaque data structures, and ambiguous classification schemes, which hinder reproducibil-
ity, reduce interpretability, and limit its analytical robustness. These divergences yield
distinct accessibility landscapes and competing readings of functionality and spatial equity.
We argue that data source choice and protocol design are epistemological decisions and
advocate transparent, hybrid strategies with cross-platform semantic harmonisation to
strengthen robustness, equity, and policy relevance.

Keywords: OpenStreetMap; google maps; volunteered geographic information; spatial
data quality; big-data; 15-min city; proximity-based planning; data-driven urban modelling;
decision support systems (DSS)

1. Introduction

In recent years, the concept of the 15-Minute City has gained widespread traction as
a framework for sustainable urban transformation. Popularised by Moreno et al. [1], it
envisions urban environments where essential services and amenities are accessible within
a 15-min walk or bike ride, thereby promoting proximity, local vibrancy, and environmental
efficiency. Despite its appeal, operationalising this concept in spatial analyses and decision-
support systems (DSS) remains methodologically challenging. As Pezzica et al. [2] highlight,
persistent uncertainties affect both the selection of urban functions to include and the spatial
granularity of the analytical units—such as whether isochrones should be generated from
grid-based centroids or user-specific origins.

An equally critical, yet comparatively underexplored, issue concerns the quality, com-
pleteness, and internal consistency of the spatial datasets on which proximity models
depend. The robustness of urban accessibility assessments is directly contingent upon

Sustainability 2025, 17, 9016

143

https://doi.org/10.3390/sul17209016



Sustainability 2025, 17, 9016

the reliability of these underlying datasets. Pezzica et al. [2], for example, adopted Open-
StreetMap (OSM) as their primary data source, applying both strict and broad amenity
classifications, but noted persistent sensitivities to tagging inconsistencies. Similarly, Mara
et al. [3] documented the misrepresentation of commercial activities in Versilia, prompting
a manual survey to validate correlations with centrality measures. While such ground-
truthing offers valuable accuracy;, it is impractical for multiscale planning frameworks.
Complementary platform audits also indicate that online maps provide uneven and se-
lective coverage of on-the-ground businesses. In a field-validated study of smaller US
cities, Quinn and Condon [4] show that Latino-oriented local businesses are less frequently
included across popular platforms than national chains and that coverage is lower in
high-Latino areas; they also note residual “defunct” venues and visibility effects linked to
platform ranking. These findings suggest that platform logics and contributor ecologies can
condition which amenities are even eligible to be counted—introducing distributional bias
upstream of any proximity model. Taken together with tagging sensitivities in OSM [2]
and local misclassification issues [3], this makes the integrity of digital spatial data—and,
at minimum, a nuanced understanding of their structures, provenance, and limitations—a
foundational concern not only for proximity-based models, but for evidence-based ur-
ban analytics more broadly. Yet, the systematic implications of dataset choice, extraction
protocols, and inherent variability remain insufficiently examined.

Among the most widely used spatial data infrastructures in urban research are Open-
StreetMap and Google Maps [5]. Both provide extensive geographic coverage, frequent
updates, and machine-readable formats, making them central to accessibility modelling,
mobility analysis, land-use characterisation, and urban form assessment. However, few
studies have directly compared these datasets [6-9], and even fewer have examined how
divergences in data structure, categorisation logic, or retrieval protocols shape modelling
outcomes—particularly in proximity-based frameworks such as the 15-min city. Key
questions remain unresolved: Are these sources functionally interchangeable? Do their
discrepancies manifest uniformly across different urban morphologies and socio-spatial
contexts? Is one demonstrably more complete, reliable, or fit-for-purpose than the other?

This paper addresses these questions through a comparative evaluation of OSM and
Google Maps, focusing on their capacity to represent urban amenities central to the 15-min
city framework. The aim is to assess the extent to which spatial data source selection
influences both the analysis and operationalisation of urban proximity in planning practice.
Three analytical dimensions guide the study:

1.  Data volume and spatial consistency across multiple geographical scales;

2. Semantic divergence in the categorisation and retrieval of core urban functions;

3. Impacts on applied urban modelling, with specific reference to 15-min accessibil-
ity potential.

The empirical analysis spans four diverse urban contexts: northern Versilia (Italy),
Gothenburg (Sweden), Nice (France), and Vienna (Austria). Through buffer-based sampling,
semantic harmonisation, and functional classification, the study demonstrates how alternative
datasets generate systematically different representations of local accessibility—in both the
volume of amenities identified and the granularity of typological detail.

The remainder of the paper is organised as follows. Section 2 reviews the two plat-
forms, outlining their core characteristics and comparability issues. Section 3 introduces the
case study contexts. Section 4 presents the methodological framework. Section 5 reports
empirical results across the three analytical dimensions, while Section 6 discusses implica-
tions for data-driven spatial modelling, evidence-based planning, and proximity-oriented
urban policy.
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This contribution advances research on sustainable, resilient, and equitable urban
development by interrogating the data infrastructures that underpin proximity-based
planning and decision-support systems. Sustainable outcomes depend not only on per-
suasive concepts such as the 15-min city, but on reliable, transparent, and reproducible
measurements of accessibility and functional mix. By showing that the choice between
OpenStreetMap and Google Maps is not a neutral technical step—but an epistemological
decision that reshapes counts, spatial distributions, and amenity typologies across distinct
European contexts—this study foregrounds the governance of digital data as a first-order
issue for urban analytics. In particular, we demonstrate how scale sensitivity and retrieval
logics (Section 5.2), semantic misalignment (Section 5.3), and downstream modelling ef-
fects within 15-min isochrones (Section 5.4) can bias assessments toward dense cores and
commercially salient venues, risking misallocation of resources and under-servicing of
peripheral areas. Situating accessibility indicators within this critical lens strengthens their
validity for SDG-oriented monitoring and for evidence-based planning that pursues both
environmental benefits (e.g., reduced travel demand) and social justice (e.g., fair provision
of daily services).

2. Datasets Properties and Extraction Criteria

This study focuses on two of the most widely used geospatial platforms in urban research:
OpenStreetMap (UK) and Google Maps (USA). Both are primary sources of spatial big data in
contemporary urban analysis due to their extensive global coverage, frequent updates, and
programmatic accessibility [10,11]. Despite their shared prominence, they differ fundamentally
in governance models, data structures, and semantic frameworks—differences that have direct
implications for the operationalisation of proximity-based urban models.

2.1. OpenStreetMap

OSM is the most prominent example of Volunteered Geographic Information (VGI),
a data paradigm grounded in crowdsourced contributions. Its data model is built on
three core primitives—nodes, ways, and relations—each annotated with tags expressed as
key—value pairs. This tag-based schema offers high semantic flexibility but lacks uniform
standardisation, leading to variability across regions and applications [12]. As an open-
source platform, OSM allows free upload, editing, and download of geospatial data,
enabling rapid updates and detailed local mapping. However, this participatory structure
also introduces heterogeneity and inconsistency due to variations in contributors’ expertise,
priorities, and mapping coverage [13].

OSM data can be obtained through multiple channels: the official OpenStreetMap.org
export tool, the PlanetOSM database, and third-party extracts such as GeoFabrik.de and
BBBike.org. For targeted feature retrieval, the Overpass API (via Overpass Turbo) or the
QuickOSM plugin in QGIS enables spatially and semantically filtered queries. In this study,
data were retrieved using QuickOSM within QGIS, selected for its ability to execute fine-
grained, area-specific queries tailored to both the semantic and spatial requirements of
the analysis.

2.2. Google Maps

Google Maps is the most widely used commercial geospatial platform globally [14].
While it incorporates user-generated content, it is not strictly VGI; rather, it combines
proprietary datasets with crowdsourced inputs, subject to centralised validation and gover-
nance. User engagement—particularly from verified business owners—plays a significant
role in determining place visibility and ranking [15]. A key functional distinction is its
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dynamic marker rendering, which adjusts the visibility of places based on zoom level,
contextual relevance, and proximity.

Access to structured Google Maps data requires the Google Maps Platform API,
which supports controlled queries within defined usage limits [16]. In this study, data
were accessed through the API via the Python Console (v3.9.5) in QGIS. The NearbySearch
function was employed, which returns places of interest located within a specified radius
from given coordinates. This method was deliberately chosen to ensure objectivity and
reproducibility by relying exclusively on Google’s internal Place Type classification, avoiding
the subjective variability inherent in keyword-based TextSearch queries. From the API
response, only three fields were retained—Name, Address, and PrimaryType—ensuring focus
on attributes directly relevant to semantic alignment.

2.3. Semantic Alignment Across Platforms

Direct comparison between OSM and Google Maps requires a harmonised classi-
fication framework. No universally accepted taxonomy of urban amenities exists, and
the two platforms use fundamentally different categorisation logics: OSM’s community-
driven tag schema versus Google’s centrally managed Place Types. Within the 15-min city
framework, Moreno et al. [1] proposed six broad functional dimensions (residential, work,
commerce, healthcare, education, and entertainment), but these categories are too generic
to support precise cross-platform matching [17].

To address this, we adopted the macro-categories proposed by Papadopoulos et al. [16],
derived from a systematic review of 15-min city literature. These categories serve as an
intermediate classification layer, enabling semantic alignment between heterogeneous
taxonomies. For OSM, tag matching was guided by the official OSM Map Features docu-
mentation [18]. For Google Maps, matching was based on the Place Types listed in Table A
in the Google Maps Places API documentation [19] (as updated 7 November 2024). The
resulting classification comprises seven macro-categories (Table 1), encompassing the core
amenities relevant to proximity-based accessibility assessments: health services, entertain-
ment facilities, retail services/trade, sports facilities, restaurants, economic facilities, and
food/grocery stores.

Table 1. Categorization of selected urban amenities adapted conceptually from Papadopoulos et al. [17].

Macro Categories Urban Amenities
Health services Pharmacies, hospitals, medical offices and medical stores
Entertainment facilities  Bars, cinemas, casino and bookmakers
Retail services/trade Goods stores, private agencies and offices, crafts and malls
Sports facilities Sport and fitness centres
Restaurants Restaurants and fast food
Economic facilities Banks and ATM
Food/grocery stores Supermarkets and food stores

3. Case Studies

This study examines four European urban contexts drawn from the Evolutive Meshed
Compact City (EMC?) Project [20], developed under the Driving Urban Transitions (DUT)
Partnership: the Versilia conurbation (Italy), Nice (France), Gothenburg (Sweden), and
Vienna (Austria). The selection balances geographical diversity with variation in urban
morphology, while retaining a degree of comparability in development trajectories and
spatial configurations. Together, these cases span a spectrum of urban forms—from coastal
linear conurbations to radial-concentric capitals—providing a robust basis for testing
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both the EMC? framework and, more specifically, the consistency, completeness, and
interpretability of spatial datasets across distinct territorial and cultural contexts.

3.1. Versilia (Italy)

Versilia is a linear coastal conurbation comprising several municipalities along the
northern Tuscan coast. Until the mid-20th century, these municipalities maintained ad-
ministrative and spatial autonomy; post-war expansion gradually merged once-separate
urban fabrics into a continuous built environment [3]. Morphologically, Versilia extends
transversally from the Tyrrhenian coastline to the Apuan Alps, while longitudinally linked
by a continuous infrastructural corridor [3]. Its average residential density is relatively low
(~800 inhabitants/km? [21]), reflecting a dispersed settlement pattern in which compact
historic centres are embedded within a broader suburban continuum. This heterogeneous
spatial structure makes Versilia a critical test case for evaluating the granularity and spa-
tial coherence of OpenStreetMap and Google Maps amenities data in low-density Italian
suburban contexts.

3.2. Nice (France)

Nice anchors the Métropole Nice Céte d’Azur, a conurbation of multiple Mediterranean
municipalities. Like Versilia, its urban fabric extends transversally from the coast to
the foothills of the Maritime Alps. However, Nice functions as a major metropolitan
centre with a markedly higher population density (4622.3 inhabitants/km? [22]) and a
more hierarchical urban structure. Its growth trajectory spans Roman origins to modern
expansion, progressively incorporating neighbouring municipalities [23]. The combination
of a dense core, polycentric development, and strong tourism orientation makes Nice
particularly relevant for assessing how geospatial platforms represent commercial and
service-oriented land uses in high-density French coastal environments.

3.3. Gothenburg (Sweden)

Gothenburg, Sweden’s second-largest city and Scandinavia’s largest port, shares with
the Italian and French cases a coastal setting and, with Nice, metropolitan status. The city
developed along the Gota River following a radio centric pattern from its medieval core.
Eighteenth-century expansion introduced a semi-circular fortification ring and an orthogo-
nal street-and-canal grid [24,25]. Twentieth-century decentralisation and housing policies
produced suburban neighbourhoods interspersed with hilly, vegetated terrain [26]. De-
spite its economic significance, Gothenburg maintains a relatively low average population
density of 1291.6 inhabitants per km? [27]. Despite its economic importance, Gothenburg
maintains a relatively low average density (1291.6 inhabitants /km? [27]). Its mixed land-
use pattern and topographical complexity make it a useful context for testing platform
performance in mapping amenities across dispersed, low-density urban landscapes.

3.4. Vienna (Austria)

Vienna, Austria’s capital and one of its nine federal states, exhibits a highly structured
radial-concentric urban form shaped by successive historical layers. The medieval core was
first enclosed by defensive walls, later replaced in the 18th century by the Ringstrafse boule-
vard, which today delineates central districts from subsequent expansions [28]. Nineteenth-
century industrialisation drove outward growth and densification, yielding a metropolitan
form characterised by both functional centrality and morphological coherence. With a den-
sity of 4655.0 inhabitants/km? [29], Vienna ranks among Europe’s most densely populated
cities. As a high-density, historically layered capital, it serves as a valuable benchmark
for assessing dataset completeness and classification consistency in complex, mature ur-
ban systems.
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4. Methodology

The methodological framework adopts a sequential, multi-scalar design to evaluate
OpenStreetMap (OSM) and Google Maps from both quantitative and qualitative perspec-
tives. Analyses are conducted at both the urban and micro-urban scales, addressing data
variability, spatial consistency, semantic divergence, and modelling implications. The work-
flow comprises four sequential analytical steps, each targeting a distinct dimension of
comparison. This section delineates the methodological framework and provides a detailed
description of each step, while the subsequent section presents the corresponding results
following the same structure.

4.1. Step 1: Baseline Data Extraction and Cross-Platform Volume Comparison

The first step assesses data completeness and spatial consistency across the two plat-
forms at the full urban scale. For each case study, amenities corresponding to the macro-
categories in Table 1 were extracted within an 8000 m radius encompassing the main
urban context. For Vienna and Gothenburg data were downloaded from the city centre
barycentre, in the case of Nice, the entire municipal area was included, while for the Versilia
case, the municipalities of Carrara, Massa, and Montignoso were considered. This stage
establishes baseline counts and distributions, allowing the identification of systematic
cross-platform differences potentially linked to contextual (e.g., morphology, density) or
platform-specific factors.

4.2. Step 2: Sensitivity to Spatial Extent and Radial Displacement

The second step evaluates scale sensitivity by repeating the data retrieval at progres-
sively smaller radii—5000 m, 2500 m, and 1200 m—using the same extraction points as
in Step 1. For OSM, queries were executed via the QuickOSM QGIS plugin; for Google
Maps, separate API requests were issued for each radius. The comparison was then con-
ducted within the smallest buffer (1200 m, by clipping the areas of larger radii) allowing
for standardized cross-case and cross-platform evaluation (Figure 1a).

clipped/test area

Figure 1. Schematic representation of the methodology used to assess sensitivity to spatial extent (a)
and to radial displacement (b).

Additionally, to assess the potential impact of distance from the extraction point
on data quality or completeness, an exploratory radial displacement test was performed:
data within a fixed 1200-m radius were extracted along a transect extending outward
from the original extraction point and compared with the 8000-metre radius download,

148



Sustainability 2025, 17, 9016

allowing for detection of spatial biases in data density or classification across concentric
zones (Figure 1b).

4.3. Step 3: Semantic Divergence Analysis

The third step examines classification inconsistencies by focusing on three amenity
types—pharmacies, bookstores, and bars—selected for their relevance to daily life in the
15-min city, their potential semantic ambiguity, and their representation in both platforms.
For each amenity type, counts, spatial distributions, and co-location patterns were compared
across datasets. This targeted approach highlights the operational implications of divergent
tagging conventions (OSM) and place-type classifications (Google Maps) without requiring a
full crosswalk between the two systems.

4.4. Step 4: Modelling Implications for the 15-Minute City

The fourth step integrates findings from Steps 1-3 into an accessibility modelling
exercise aligned with the 15-min city framework. For each case study, pedestrian-based
15-min isochrones were generated from representative suburban locations, using a standard
1200 m walking radius [1,30]. All amenities from Table 1 falling within these isochrones
were included. This final step evaluates how differences in dataset completeness, semantic
alignment, and spatial consistency translate into divergent accessibility outcomes—directly
informing the reliability of proximity-based urban models.

5. Results and Discussion
5.1. Dataset Comparison at the Urban Scale: Quantity and Spatial Distribution

The first analytical step evaluates aggregate differences between OpenStreetMap and
Google Maps at the urban scale, examining the outcomes when all selected macro-categories
are extracted in bulk across extended urban areas.

Across all four case studies, OSM systematically returns a greater number of features
than GM (Table 2, Figure 2). The largest discrepancies occur in Nice and Vienna, where
OSM produces more than twice the number of entries returned by GM. Gothenburg exhibits
a smaller yet substantial gap, while in Versilia the two datasets yield comparable totals.

Table 2. Quantitative assessment of the downloaded urban places at the macro scale.

Case Studies Google Maps OpenStreetMap SMAPE (%)
Versilia 1922 2639 31
Nice 2662 13,599 135
Gothenburg 2402 7127 99
Vienna 2921 35,660 170

Importantly, differences are not confined to counts. Even in point-of-interest-dense
areas, the spatial distribution of amenities differs markedly between platforms, suggesting
divergent underlying logics for place inclusion, placement, and representation.

To quantify these differences, the Symmetric Mean Absolute Percentage Error (SMAPE)
was applied (Equation (1)) to the total values of the two datasets, in order to measure their
relative deviation. Lower SMAPE values indicate closer numerical agreement, while higher
values signify substantial divergence in extracted quantities.

o\ |OSM value — GM value|
SMAPE (%) = OSM valueerGM value x 100 @
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Figure 2. Spatial distribution of the downloaded urban places at the macro scale.
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The SMAPE values (Table 2) confirm strong divergence in Nice (135%) and Vienna
(170%), moderate differences in Gothenburg (99%), and relatively close alignment in
Versilia (31%). While these patterns are not generalisable given the limited case set, some
interpretative insights emerge. Both Nice and Vienna are among the most populous
and densely inhabited cities in their respective countries, and both attract substantial
tourist inflows [31]. These conditions may foster more active OSM mapping communities—
although the underlying drivers remain to be fully investigated—thereby increasing data
richness through crowdsourced contributions.

However, closer inspection reveals that a substantial share of OSM features in these cities
are private swimming pools—7075 of 13,599 in Nice and 4970 of 35,660 in Vienna—often
located within residential properties. This highlights a fundamental operational difference:
in such cases, the OSM dataset includes physically verifiable locations—such as swimming
pools but also pitches and other facilities —, regardless of public accessibility or commercial
relevance, whereas GM primarily contains recognised points of interest—places with public-
facing functions or visibility within its service ecosystem.

This distinction has methodological consequences. Bulk extractions from global spatial
datasets can yield substantially different results not because of geographic coverage gaps,
but due to differences in inclusion criteria. In this case, swimming pools provide a striking
example, though likely not an isolated one, as similar patterns may well be observed in
other categories. A close and systematic examination of individual types of urban amenities,
together with the associated data cleaning, lies beyond the scope of this paper, which is
instead concerned with highlighting discrepancies between datasets. For this reason, we
chose not to alter the original dataset. Hence, without accounting for platform-specific data
logic, analyses risk misinterpretation. The next subsections explore additional factors—such
as extraction radius and classification frameworks—that may further explain and amplify
these discrepancies.

5.2. Dataset Comparison at the Urban Scale: Sensitivity to Spatial Extent and Distance from the
Extraction Point

To assess how spatial extent influences dataset completeness, amenities were extracted
from Google Maps and OSM across concentric buffers of 8000, 5000, 2500, and 1200 m from
the original extraction points. While SMAPE quantifies the discrepancy between the two
datasets, it does not indicate which is richer. To capture the direction of the discrepancy, the
non-standard SMAPE (nsSMAPE, Equation (2)) is introduced. It omits the absolute value
in the numerator, allowing the sign of the value to indicate whether the Google dataset is
richer (negative values) or poorer (positive values) than the OSM dataset.

_ OSM value — GM value

nsSMAPE (%) - OSM value+GM value x 100 @)
2

Overall trends show SMAPE decreasing with smaller radii (Table 3), suggesting
stronger cross-platform alignment at finer scales. This trend is most consistent in Vienna,
while Nice and Gothenburg show a slight SMAPE increase at 1200 m, though still lower
than at 5000 m. Versilia diverges from this pattern: at smaller radii, GM consistently returns
more amenities, yielding negative nsSMAPE values. Similar GM dominance at small extents
is also seen in Gothenburg, whereas OSM retains higher counts at all scales in Nice and
Vienna. High SMAPE values in Vienna and Nice reflect OSM’s dense coverage in these high-
population, high-tourism contexts—again suggesting potential links between population
density, civic engagement, and VGI dataset richness. Further confirmation of this trend is
provided by the different location of the data extraction point across the four cases: situated
in dense central areas in Gothenburg and Vienna, and in more peripheral, less dense areas
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in Versilia and Nice. To standardise spatial coverage across scales, each case’s datasets

were clipped to the smallest (1200 m) radius. OSM counts remained stable regardless of

original download radius, while GM counts increased as the radius decreased (Figure 3).

Within these clipped areas OSM consistently exceeds Google Maps in Vienna and Nice,

while Google Maps exhibits greater density in Gothenburg and Versilia at smaller radii.

This indicates a key architectural difference: OSM’s data retrieval is radius-independent,

whereas GM’s is scale-sensitive, likely due to internal ranking and zoom-level constraints

(Figure 4).
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Figure 3. Trend in the number of retrieved urban amenities across different download metric radii

within the clipped test area.

Table 3. Retrieved urban amenities within varying metric radii.

. 8000-m 5000-m 2500-m 1200-m
Case Studies Database Radius Radius Radius Radius
Google Maps 1922 1761 951 168
Versilia OpenStreetMap 2639 1615 380 63
nsSMAPE (%) 31 -9 —86 —100
Google Maps 2662 2604 2106 248
Nice OpenStreetMap 13,599 9864 3264 496
nsSMAPE (%) 135 116 43 67
Google Maps 2402 2227 1031 483
Gothenburg OpenStreetMap 7127 5224 1013 327
nsSMAPE (%) 99 80 -2 -39
Google Maps 2921 2880 2580 1979
Vienna OpenStreetMap 35,660 24,382 10,022 3628
nsSMAPE (%) 170 158 118 59
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Figure 4. Spatial distribution of urban amenities retrieved within decreasing metric radii (left to right)
in the test areas of Gothenburg and Nice. Yellow markers highlight additional amenities identified
via Google Maps at each radius, relative to the set retrieved at the immediately larger radius (the
preceding circle on the left).

5.2.1. Distance from the Extraction Point

We first show that downloaded place counts vary with the size of the extraction area,
reflecting Google Maps’ retrieval process and ranking mechanisms (which prioritize POIs
based on user interaction) [14]. We then test whether the distance between the extraction
point, and POIs further affects the completeness of the Google Maps dataset (Figure 5).
The Percentage Change metric (Equation (3)) measures deviation between these datasets for
each location, by quantifying how the density of POIs retrieved at each local 1200-m buffer
compares to that of the corresponding area in the 8000-mdataset. High positive values
indicate that smaller-radius queries yield more amenities than the same location’s clipped
section from the larger-radius download.

|G M1200m — GM3gooom |

3
G Msgooom ©)

Percentage Change(%) = 100 x

Results consistently show that local downloads at 1200 m—regardless of the extraction
point’s specific location—produce richer datasets than the corresponding clipped sections
of the 8000-m download, thereby confirming the trend identified in the previous section.

However, the Percentage Change is not strictly increasing with distance from the centre,
suggesting that no monotonic relationship exists between centroid distance and data
completeness. Notably, in 9 out of 12 cases, the metric increases from dn to dn+1, indicating
a general trend of growing divergence with increasing distance from the barycentre. This
pattern, however, is not observed in Versilia, Nice, and Gothenburg, where the Percentage
Change at distance d1 exceeds that recorded at d0, deviating from the expected progression.
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A closer examination reveals a possible explanation for this potential outlier. In
Versilia, Nice and Gothenburg, the d1 extraction buffers intersect areas with a higher
presence of POls compared to those at d0, resulting in richer 1200-m downloads (Figure 5).
Conversely, in Vienna, both 40 and d1 fall within uniformly dense urban areas, leading to
more consistent retrievals across distances.

As highlighted in Anselmi et al. [32], a key limitation in Google’s data retrieval mecha-
nism lies in its cap of approximately 60 POIs per PlaceType per request. Consequently, in
high-density zones where specific categories surpass this threshold, the downloaded dataset
underrepresents the actual amenity landscape available within Google’s full database. This
limitation likely contributes to the non-monotonic behaviour of the Percentage Change
function observed in Nice, Gothenburg, and Versilia—where the number of POIs retrieved
at d1 surpass those at 0.
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Figure 5. Percentage Change in Google Maps data between 8000- and 1200-m radii vs. distance from
the 8000-metre centroid.

To illustrate this phenomenon, Figure 6 presents the case of Versilia: while the d0-centred
areas show comparable POI counts among the 1200 m- and the 8000 m clipped- extraction,
the peripheral d3-centred area demonstrates a stark discrepancy, with the 8000 m clipped
download capturing significantly fewer amenities than the localized 1200-m extraction. These
patterns imply that Google Maps retrievals lose spatial consistency as the distance from the
query centre increases, particularly when large-scale urban extents are involved. Alongside
the ranking algorithm, which reflects user interaction with the platform, the spatial positioning
of POIs relative to the requester—that is, the extraction point—emerges as a key element in
the logic governing the retrieval of places in Google Maps.
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Figure 6. Accuracy loss in Google Maps data with distance from search centre: the Versilia case study.

5.2.2. Implications

Overall, these findings highlight a critical limitation in using Google Maps for urban-
scale bulk downloads: broader-radius queries introduce distortions, especially at the
periphery, due to algorithmic biases and ranking filters. In contrast, downloads with a
smaller radius yield more accurate and spatially consistent datasets, although they may
still be affected by additional category-related distortions, as highlighted by Anselmi
et al. [32]. OpenStreetMap, by comparison, shows no sensitivity to either radial extent
or distance from centroid, confirming its internal consistency and suitability for uniform
spatial sampling.

5.3. Semantic Divergence and the Representation of Key Urban Functions

This stage of the analysis examines how semantic categorisation influences the rep-
resentation of urban amenities in OSM and Google Maps. A marker-based approach
was used to assess the consistency, completeness, and spatial overlap of specific place
types, focusing on how classification frameworks shape coverage and reliability. Three
urban amenities—selected for their everyday relevance and relatively straightforward
cross-platform mapping—were analysed: pharmacies (OSM value = pharmacy, GM place
type = pharmacy), bookstores (OSM value = books, GM place type = book_store), and
bars (OSM value = bar, GM place type = bar). Given the findings from Section 5.2, the
comparison was conducted within a 1200 m radius, where GM data had previously shown
greater completeness.

5.3.1. Quantitative Trends

nsSMAPE values for these markers are often negative, indicating that OSM generally
underrepresents these functions compared to Google Maps—contrary to aggregate patterns
at larger scales. However, no consistent spatial trend emerges across the cities. Figure 7
illustrates that the datasets are not simple subsets of each other: in most cases, there is
substantial spatial divergence between the two sources, even when amenity counts are
similar. Exceptions include bookstores in Nice, pharmacies in Versilia and Vienna, and
bars in Gothenburg—though the latter displays notably sparse coverage. In contrast,
spatial mismatch is evident in most other cases, including pharmacies and bookstores in
Gothenburg, where the absolute counts are equal, but locations differ.
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Among all cases, Versilia exhibits the highest average SMAPE values, driven by a
significant underrepresentation in OSM across all three categories.

5.3.2. Semantic Complexity

Although the three selected markers—pharmacies, bookstores, and bars—may appear
semantically unambiguous, closer inspection of the categorisation systems used by Open-

StreetMap (OSM Map Features) and Google Maps (Google Maps Platform) reveals notable
divergences. While both platforms provide taxonomies, these are neither mutually aligned

nor internally consistent. As a result, one-to-one correspondence between categories is

often unattainable in practice, despite superficial semantic similarities.
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This complexity stems from several factors. As noted by Biljecki et al. [33], variations
in language, cultural context, and socio-spatial interpretations shape how amenities are
perceived and tagged. For instance, the category “bar” may encompass vastly different
establishments across countries and platforms—ranging from cafés to nightclubs—leading
to inconsistencies in visibility, classification, and retrieval.

Table 4 details the entries associated with each selected marker across the platforms. Book-
stores exhibit consistent, unique tag associations in both databases. Pharmacies show moderate
variation, with some extended forms (“pharmacy+") leading to higher counts—particularly in Vi-
enna, where the broader interpretation results in a near doubling of retrieved data. Bars, however,
reveal significant semantic divergence. Their classification encompasses a wide array of related
place types, leading to inflated results: in some cities, retrieved bar data are three to four times
higher when using extended tagging schemes (Table 5). The case of Gothenburg is especially
illustrative. While bookstores and pharmacies display minimal variation across platforms and
classification schemes, bars exhibit high SMAPE values and substantial numerical discrepancies.
Under an extended categorisation, bar-related entries are nine times higher in Google Maps and

up to seventeen times higher in OSM.

Table 4. Semantic ambiguity in the definition of the urban categories: list of considered tags.

Marker Google Maps OpenStreetMap

Pharmacy “pharmacy” “pharmacy”
“pharmacy”, “herbalist”,

P " ou ”
Pharmacy+ pharmacy”, “drugstore “nutrition_supplements”
Bookstore “book_store” “books”
Bar “bar” “bar”
“bar”, “cafe”, “coffee_shop”,
Bar+ “cafeteria”, “cat_cafe”, “dog_cafe”, “bar”, “café”, “internet_cafe”,
“tea_house”, “internet_cafe”, “biergarten”, “pub”

“bar_and_grill”, “pub”, “wine_bar”

Table 5. Semantic ambiguity in the definition of the urban categories: quantitative assessment at the

local scale.

Case Studies Marker Google Maps OpenStreetMap  nsSMAPE (%)
Pharmacy 11 6 —58
Pharmacy+ 12 6 —67
Versilia Bookstore 13 0 —200
Bar 43 17 —87
Bar+ 120 32 —116
Pharmacy 60 67 11
Pharmacy+ 64 68 6
Nice Bookstore 38 14 —92
Bar 60 46 —26
Bar+ 176 162 -8
Pharmacy 4 4 0
Pharmacy+ 4 6 40
Gothenburg Bookstore 2 2 0
Bar 9 1 —160
Bar+ 78 17 —128
Pharmacy 39 31 -23
Pharmacy+ 72 33 —74
Vienna Bookstore 57 31 —-59
Bar 60 119 66
Bar+ 166 337 68
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5.3.3. Internal Classification Ambiguities

From a technical standpoint, the internal classification within each downloaded entry
introduces an additional layer of complexity. OSM allows at most two tags per key for a sin-
gle item, but the same element can appear under multiple keys depending on the recorded
attributes. Google Maps, similarly, includes multiple labels per location, derived from both
PrimaryTypes and additional descriptors. While this increases retrieval flexibility, it also
introduces ambiguity: a single feature may fall under several categories without a clear
indication of its primary function. For applications requiring fine-grained typologies, such
ambiguity complicates the consistent use of these databases in discrete functional models.

Despite this possibility, it was observed that such ambiguity is relatively limited
in OSM. In contrast, for GM, the place types associated with each retrieved feature are
never unique. This could arguably be seen as a strength of Google Maps, as the broader
categorization may support the identification of all relevant amenities linked to a given
location. However, in this study, to ensure a rigorous and non-discretionary procedure,
only the first label listed in Table A from the Google Maps Platform was used to assign the
corresponding macro-category.

5.3.4. Technical Constraints

A further limitation of Google Maps also emerges. Close inspection of the data
revealed that in 3 out of 12 cases, the number of registered activities was exactly 60 units.
This reflects the limitation discussed in Section 5.2, and is likely to have also affected the
extraction of categories in their extended forms (e.g., pharmacy+ and bar+ in Nice, and
bar+ in Vienna). Without this technical constraint, one could reasonably expect—consistent
with the overall trend—that the number of activities retrieved from Google would exceed
those retrieved from OSM.

5.3.5. Implications

These findings underscore the importance of understanding data semantics and clas-
sification granularity when selecting datasets for urban modelling purposes. Seemingly
comparable categories may yield non-overlapping spatial realities, which could lead to
misleading conclusions if not critically assessed in advance. Moreover, semantic alignment
between platforms does not guarantee spatial consistency or completeness. Therefore,
for fine-grained urban modelling dataset selection must consider not only coverage and
density, but also the semantic architecture of the source.

5.4. The Impact of Data on Urban Modelling: The 15-Minute City

The preceding analyses reveal substantial divergences between GM and OSM across
multiple dimensions: data volume, spatial distribution, semantic categorisation, and
sensitivity to scale and proximity. While both platforms are widely used in urban research
due to their coverage, regular updates, and relative accessibility, the differences observed
are methodologically significant. As shown, the choice of dataset can materially influence
modelling outputs, particularly in frameworks that rely on precise locational accuracy and
comprehensive coverage.

The 15-min city model—taken here as an applied test case for proximity-based
planning—offers a clear illustration of this effect. In accessibility assessments, the spa-
tial distribution and typological classification of amenities directly shape perceptions of
urban vibrancy and liveability [34]. Divergences in service representation between plat-
forms can therefore produce markedly different readings of suburban accessibility and
functional diversity.
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5.4.1. Analytical Approach

A supply-based approach was adopted to discuss the impact of databases on
proximity-based assessment in selected suburban areas in four case studies—Versilia,
Nice, Gothenburg, and Vienna—by evaluating the presence of amenities (listed in Table 1)
within 15-min walking catchments. Rather than relying on a user-based or grid-centroid
method—whose arbitrariness has been shown to influence results [2]—this study examines
a predefined suburban area in each city independently of base grid or origin assumptions.
The areas have been chosen in the first peri-central rings contiguous to the historic cores,
characterized by lower residential density and building coverage than the core areas while
still exhibiting a functional mix and good accessibility, according to the guidelines of the
DUT Emc?2 project. Amenities were extracted using a 1200 m buffer—the standard walking
distance approximation for a 15-min city [30] and, as established in Section 5.2, the most
reliable radius for balanced dataset retrieval.

Table 6 summarises the number of amenities (as defined in Table 1) retrieved within
each isochrone. In Versilia and Nice, Google Maps consistently reports a higher number
of amenities. Gothenburg shows comparable values across platforms, with a low SMAPE
score. Vienna, conversely, displays a predominance of OSM data. These contrasting
patterns are visualised in Figure 8, which highlights the particularly divergent cases of
Versilia and Vienna: the former showing OSM underrepresentation, the latter revealing an
exceptionally high level of OSM data density.

Vienna

Obersiebenbruaf

Untersie!

LIESING

® Google Maps data 4 OpenStreetMap data — Case study boundary ~ —— 15-min isochrone

Figure 8. Comparison of place retrieval within 15-min isochrones in suburban areas of Versilia
and Vienna.
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Table 6. Quantitative comparison of the two data sources within 15-min isochrones in suburban case
study areas, based on the distribution of selected urban amenities.

Case Studies Google Maps OpenStreetMap SMAPE (%)
Versilia 171 47 114
Nice 311 39 155
Gothenburg 155 112 32
Vienna 319 693 74

5.4.2. Interpretation and Limitations

These results do not imply that one platform offers a more accurate reflection of
on-the-ground reality. The observed discrepancies underscore the need for caution when
interpreting accessibility scores derived from open data sources. Despite the effort required
and the subjective variables it entails, without field validation it remains impossible to
determine the reliability of either dataset [35]. Future work should incorporate empiri-
cal ground-truthing—or alternative validation strategies—to calibrate digital datasets for
proximity-based modelling. Without this step, outputs risk overestimating or underesti-
mating accessibility, depending on platform biases.

5.4.3. Typological Composition

Using the Papadopoulos et al. [16] classification framework (Section 2), the analysis also
compared the functional mix of amenities in each isochrone. The contrast between Versilia and
Vienna is instructive. In Versilia, OSM returns a sparse dataset, limiting the capacity to detect
a diverse mix of urban functions. In Vienna, by contrast, OSM presents a rich dataset, yet this
abundance introduces its own challenge: several retrieved amenities—such as recreational
facilities (e.g., private swimming pools)—fall outside the intended scope of analysis. While
these features reflect real and functionally relevant spaces, their inclusion highlights the need
for careful control over category filtering when assessing accessibility or functional diversity.

These variations substantially influence the interpretation of an area’s functional
character. As shown in Table 7, in Versilia all considered categories are well represented in
Google Maps, with a marked prevalence of retail and trade activities—an aspect that does
not emerge from OpenStreetMap. In Vienna, the strong presence of sport facilities—driven
primarily by the inclusion of private swimming pools (specifically, 485 out of 518 sport-
related entries)—suggests a distinct sporting vocation for the area. In contrast, Google
Maps indicates a predominance of commercial activities and health services. A further
layer of complexity arises from entries assigned to ambiguous or residual categories such as
“other” or “generic”. These encompass activities either not explicitly requested or lacking
precise semantic attribution, rendering them unclassifiable within the adopted framework.
Their presence not only complicates comparison between datasets but also underscores
the risk of overestimating functional richness due to poorly defined or inconsistently
applied tags.s5.4.4. Implications for ModellingsUltimately, the reliability of proximity-
based urban models—whether for the 15-min city or similar frameworks—depends on
three intertwined conditions:

e  Data completeness—ensuring full coverage of relevant amenities;
e  Semantic clarity—avoiding misclassification or over-generalisation;
e  Functional relevance—excluding features outside the intended analytical scope.

As this analysis shows, data quality issues can manifest as absence (underrepresen-
tation), excess (overrepresentation of marginal features), or ambiguity (poorly defined
categories). Each can distort modelling outputs if left unchecked. Automated top-down
extractions must therefore be complemented by critical pre-processing—including tag
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review, category filtering, and validation against independent sources—before integration
into decision-support systems.

Table 7. Selected categories observed within 15-min city isochrones in suburban contexts.

Case Studies Place Categories Google Maps OpenStreetMap
Total places 171 47
Economic facilities 3 3
Entertainment facilities 9 7
Food/grocery stores 19 6
. Health services 27 6
Versilia Restaurants 11 4
Retail services/trade 72 11
Sports facilities 4 10
Other 14 0
Generic 12 0
Total places 319 693
Economic facilities 6 5
Entertainment facilities 18 12
Food/grocery stores 24 15
. Health services 89 38
Vienna Restaurants 31 38
Retail services/trade 117 67
Sports facilities 9 518
Other 8 0
Generic 17 0

5.5. Data Gaps and Biases in Digital Mapping

The analyses and the results developed within this research—an initial step toward as-
sessing the practical reliability of big data for urban-planning applications—quantitatively
corroborate patterns reported in prior work: digital mapping datasets embed systematic
gaps and biases driven by mapping procedures, internal visibility mechanisms and by the
economic-social salience of mapped places [36].

OpenStreetMap and Google Maps represent two structurally distinct models of ge-
ographic data production, each characterised by specific omissions and biases. OSM,
sustained by volunteer contributions and an anti-commercial ethos, provides free and
openly accessible data, but its soundness is questionable, and its completeness is highly
uneven, with coverage being potentially underrepresented in peripheral and disadvan-
taged zones [37]. Participation is markedly skewed—the familiar 90-9-1 pattern [38], and
contributors tend to maintain a consistent geographic focus over time, reinforcing existing
inequalities [37,39-41].

By contrast, Google Maps is a proprietary platform built on closed datasets, third-party
sources, and machine-learning models. It provides extensive consumer-facing services but
operates under commercial constraints. Platform governance strongly shapes data visibility
and the mechanisms for access and download: ranking algorithms, Business Profile verifica-
tion, user reviews, and API result caps privilege prominent or commercially active venues,
while community spaces, low-visibility facilities, recently opened activities or specific types of
amenities are harder to retrieve, especially in competitive urban contexts [4,14,41].

Beyond these intrinsic limitations, competitive dynamics between the two platforms
further accentuate asymmetries: the expansion of Google Maps has been linked to a reduction
in overall OSM contributions, as many potential new users turn to Google Maps instead [42].
At the same time, a smaller group of established contributors intensifies their efforts, motivated
by ideological commitment to the open-source ethos and, to some extent, by community
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interaction [43]. These social, spatial, and temporal filters determine which amenities become
analytically visible and, in turn, cascade into 15-min accessibility outcomes.

6. Conclusions and Further Developments

This study critically examined how differences between two of the most widely used
spatial datasets—OpenStreetMap (OSM) and Google Maps (GM)—shape the modelling
of urban phenomena, with a specific focus on accessibility analyses within the 15-min
city framework. By systematically comparing the two platforms across four European
cities—Versilia, Gothenburg, Nice, and Vienna—this research demonstrates that dataset
choice is far from a neutral technical step. Instead, it has a measurable and often substantial
influence on both the quantitative assessment of service proximity and the qualitative
interpretation of functional urban identity.

The findings point to three major areas of divergence between the datasets. First, data
volume and spatial consistency vary substantially by platform and location. Google Maps
tends to yield higher place counts exclusively at finer spatial scales, reflecting its sensitivity
to the representation level. OSM, while more consistent in its tagging structure, tends to un-
derrepresent certain functions—especially in peripheral or less densely mapped areas—and
includes elements that may have low relevance for urban planning purposes, highlighting
the need for careful evaluation of data characteristics and contextual significance.

Second, semantic categorisation plays a critical role. Even for apparently straightfor-
ward amenities such as pharmacies, bookstores, and bars, substantial inconsistencies were
observed in how categories are defined, structured, and retrieved across the two platforms.
These semantic mismatches complicate both data integration and model comparability,
especially in contexts requiring fine-grained functional distinctions.

Third, and most crucially, these differences cascade into the modelling process itself.
Using the 15-min isochrone as a lens, the study revealed that accessibility scores and spatial
interpretations of urban vibrancy vary not only in magnitude but also in meaning depend-
ing on the data source used. This is particularly relevant in decision-support systems and
planning workflows, where data-driven insights are translated into spatial strategies.

In practice, much applied work relies on a single platform—typically OSM or Google
Places—often with minimal justification and without cross-source sensitivity checks. Taken
together, these findings show why that choice is not neutral. On the contrary, they reflect
distinct epistemological models of the urban: one rooted in participatory, volunteer-
based mapping; the other governed by commercial logic and algorithmic visibility. Each
has its own strengths and limitations. While it remains unclear which of the two more
accurately reflects real-world conditions, it is likely that both diverge, in different ways,
from the urban reality they aim to represent—a question that is currently being explored in
ongoing research.

Specific findings that could drive the use of these datasets or stimulate further re-
search are

e  Functional non-equivalence. OSM and GM differ fundamentally in structure, category
logic, and extraction protocols, with direct consequences for modelling outputs;

e  Scale sensitivity. OSM retrievals are insensitive to search radius or centroid distance;
GM retrievals vary with spatial extent, losing consistency over larger urban areas;

e  Semantic misalignment. No one-to-one category correspondence exists; even overlapping
primary tags rarely match spatially or quantitatively, complicating DSS integration.

For planners, spatial analysts, and policymakers, the implications are clear: data
selection must be treated as an explicit modelling decision, not a neutral technical
step. Proximity-based frameworks like the 15-min city depend on more than conceptual
clarity—they rely on data infrastructures that are themselves uneven, contingent, and
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often opaque. A thorough analysis of the operating mechanisms of the selected database,
the pre-filtering of features according to research objectives, and the adoption of smaller
search radius are strongly recommended.

Situated within the broader agenda of sustainable urban transitions and evidence-
based planning, our findings have three implications. First, environmental efficacy: credible
proximity metrics are prerequisites for demand-side measures that reduce car dependence
and emissions; our cross-platform tests identify when and why such metrics may over- or
under-estimate reachable amenities (Sections 5.1 and 5.2). Second, social equity: platform
biases—underrepresentation of peripheral amenities in OSM and ranking/ visibility filters
in Google Maps—translate into unequal analytical visibility of everyday services, with
consequences for spatial justice and targeted investment (Sections 5.3 and 5.4). Third, gov-
ernance and reproducibility: transparent protocols, hybrid sourcing, and cross-platform
semantic harmonisation operationalise open, auditable evidence for planning, aligning
with the journal’s emphasis on robust methods for policy-relevant sustainability research.
By treating spatial data selection as an explicitly theory-laden modelling choice, the study
provides practitioners with concrete levers—radius design, semantic controls, and valida-
tion checkpoints—to improve DSS reliability and, ultimately, the robustness and fairness of
proximity-based interventions.

Future research should pursue several key directions. First, the integration of ground-
truth datasets is needed to benchmark the representational accuracy of both platforms and
to assess how data quality correlates with urban form, city function, or specific amenity
types. Second, there is a pressing need to develop a harmonised and extensible categorisa-
tion schema capable of bridging semantic mismatches and enabling robust cross-platform
comparisons. Third, hybrid approaches that leverage the complementary strengths of
both OSM and Google Maps should be explored, alongside the development of validation
protocols tailored to distinct urban contexts. Lastly, more fine-grained, intra-urban analyses
should be prioritised, moving beyond citywide generalisations to account for the hetero-
geneity of urban space and to support more context-sensitive modelling of accessibility and
proximity. By foregrounding the epistemic and technical implications of data choice, this
study positions spatial data selection as a critical, theory-laden decision in urban analytics—
one that directly shapes the narratives, priorities, and policy interventions derived from
data-driven models.
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Abstract

Traffic simulation models are widely used in transportation analysis, often oriented toward
keeping urban systems sustainable from various points of view, ranging from energy
consumption to air quality. However, their accuracy depends on the quality of the data
used to represent both the road network and travel demand. Although open-source datasets
can be used to develop simulation networks and observed traffic information is available
from big-data platforms, integrating these heterogeneous datasets remains challenging.
Indeed, different road segmentation schemes may be used across different platforms, and
common identifiers are often not adopted. This study proposes a GIS-based framework
for spatially joining traffic data from big-data platforms with road networks used in traffic
simulation models. The methodology integrates a microscopic simulation network derived
from OpenStreetMap and implemented in SUMO with traffic data obtained from the
TomTom Traffic Stats service. The workflow is implemented in QGIS (3.34 prizren) and
combines spatial buffering, directional filtering, overlap analysis, and hierarchical match
cleaning to associate traffic segments with the corresponding simulation network edges.
The framework is applied to an urban case study in the city of Biella, Italy. Results show
that more than 80% of the simulation network edges can be successfully linked with traffic
segments, enabling the integration of hourly traffic indicators such as travel time and
speed. The resulting dataset supports several applications, including network calibration,
simulation validation, detector placement, and traffic demand estimation, contributing to
the development of more reliable traffic simulation models for comparing and selecting
sustainable urban mobility actions within the transportation planning process.

Keywords: road network matching; traffic simulation; floating car data; sustainable mobility;
GIS-based data integration

1. Introduction

Traffic simulation models, including macroscopic, mesoscopic, and microscopic ap-
proaches, play a fundamental role in transportation analysis and support a wide range
of applications [1]. These range from transportation planning and traffic management
to road safety assessment, energy consumption, emissions and air quality analysis [2-4],
vulnerability analysis of road networks [5-7], and the development of testing operations
for connected and autonomous vehicle technologies. Simulated urban traffic models can
also support socio-demographic studies by enabling the analysis of traffic flows and the
identification of residential and industrial districts [8]. In addition, simulation tools are
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increasingly used in research related to vehicular ad hoc networks (VANETSs), which sup-
port autonomous driving, road safety applications, and hazard information services [9].
These technologies are often investigated through large-scale regional simulations because
real-world testing is difficult to reproduce, extremely costly at large scales, and may pose
safety risks to users. Recently, traffic simulation has become an important tool for assessing
the vulnerability of transportation networks in case of disruptions such as flooding events,
natural hazards, and man-made disasters. By simulating baseline and disrupted scenarios,
researchers can estimate the impacts of infrastructure failures on mobility, congestion
patterns, accessibility, and traffic redistribution across the network. Recent studies have
further demonstrated how flood-induced disruptions can generate cascading effects on
urban mobility systems through both mesoscopic and agent-based traffic simulations [6,10].
However, the reliability of such analyses depends on the accuracy of the underlying traffic
simulation models, which must be properly calibrated and validated using observed data.

A traffic simulation model generally requires three key types of inputs: (i) network
data describing functions of road facilities, (ii) additional traffic infrastructure elements such
as signals or detectors, and (iii) traffic demand data representing travel patterns, typically
expressed by origin—destination (O-D) matrices [11]. Developing an accurate network
model requires detailed information about road attributes such as road classification,
number of lanes, speed limits, traffic direction, and link length. These datasets are often
obtained from official geoportals or open-access platforms such as OpenStreetMap (OSM).
However, open-source network data may contain inconsistencies or missing attributes
and, therefore, often require a careful calibration and validation process before being used
in traffic simulation models. Demand modeling is typically based on O-D matrices that
describe the number of trips between traffic analysis zones. These matrices are traditionally
derived from travel surveys, census data, or other aggregated statistics. Such data sources
can also be used to calibrate and validate traffic simulation models. For example, Shahdani
et al. validated a mesoscopic traffic simulation developed to analyze the vulnerability of
the road network in the Santarém region, Portugal, using average daily travel time data
obtained from Infraestruturas de Portugal [5]. Nevertheless, calibration and validation
based solely on demographic or survey data remain challenging because high-resolution
real-world measurements are often limited or unavailable.

Recent advances in communication technologies and data collection methods have
enabled the emergence of floating car data (FCD), which provides large-scale observations
of vehicle trajectories, speeds, travel times, and route choices. With increasing penetration
rates, these traffic datasets from service providers have become widely available. These
datasets can also provide derived information such as traffic density, congestion levels,
and travel time reliability with significantly higher spatial resolution than traditional fixed
traffic detectors [12-14]. For instance, Salvo et al. developed a data-driven microsimulation
framework combining the Dynasim simulation model with real-time traffic data from the
TomTom platform [15] to evaluate emergency management strategies in Palermo, Italy.
Their study demonstrated how FCD traffic data can support the analysis of congestion
dynamics and rerouting behavior during flood events [16]. More recently, large-scale
traffic datasets have also been increasingly used in data-driven traffic analysis, congestion
prediction, and intelligent transportation system (ITS) applications. Recent studies have
explored machine learning and deep learning approaches to analyze urban traffic conditions
and support real-time mobility management using heterogeneous traffic datasets [17].
These developments further highlight the importance of integrating traffic data from
different platforms into traffic simulation and traffic analysis environments.

https://doi.org/10.3390/sul8115566
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Despite the growing availability of traffic datasets, integrating these data sources with
traffic simulation networks remains a major challenge. Simulation networks are frequently
constructed from open-source datasets such as OSM and converted into formats compatible
with simulation platforms. However, traffic information provided by commercial platforms
is typically structured around proprietary road segment definitions that do not align
directly with those in simulation networks. Even when both datasets contain geographic
coordinates, the segments representing the same road may differ significantly in length,
segmentation, geometry, or spatial alignment. Consequently, a direct attribute join between
these datasets is usually not possible. An essential step for integrating traffic datasets with
simulation networks is therefore the matching or conflation of road networks derived from
heterogeneous sources.

Several studies have addressed the problem of matching road networks from hetero-
geneous datasets. Guo et al. proposed a stroke-based matching approach that reconstructs
road segments into continuous strokes and evaluates similarity using geometric, topologi-
cal, and structural constraints to identify relationships such as 1:1, 1:N, and M:N across
datasets with different scales [18]. Hacar and Gokgoz developed a semi-automated ap-
proach that assigns similarity scores based on geometric and topological indicators and
iteratively adjusts the weights of these measures according to their matching efficiency [19].
Wu et al. formulated road matching as an optimization problem and solved it using a
minimum-cost network flow model combined with relaxation constraints such as angle
and shortest-path consistency [20]. Zuo et al. introduced a hierarchical framework based
on Delaunay triangulation that converts road networks into triangular meshes and iden-
tifies corresponding structures using probabilistic relaxation techniques [21]. Hackeloeer
et al. proposed an iterative hierarchical conflation approach exploiting topological and
geometric relationships across heterogeneous road datasets [22], while Zhang et al. devel-
oped an automatic conflation framework combining road network matching, geometric
transformation, topological remodeling, and error correction procedures for integrating
heterogeneous routing datasets [23]. More recently, Veihelmann et al. applied machine
learning techniques, specifically a decision tree classifier based on geometric similarity
features, to match floating car data with OSM networks to support microscopic traffic
simulation. Their framework integrated high-resolution probe-count data with simulation
networks to generate detector-based traffic information and improve the calibration and
validation of large-scale microscopic simulations [12]. Open-source conflation platforms
such as Hootenanny [24] have also been developed to integrate heterogeneous map datasets
into unified representations through rule-based and machine learning-assisted procedures.

Although these approaches can achieve high matching accuracy, several limitations
remain for traffic simulation applications. Many methods rely on complex optimization
procedures or machine learning models that require labeled training datasets, extensive
parameter tuning, or computationally intensive processing. Furthermore, several conflation
approaches primarily focus on generating unified map representations rather than preserv-
ing the original structure of simulation networks. However, in traffic simulation workflows,
preserving simulation network geometry is important because detector placement, cali-
bration procedures, and traffic analysis are often directly linked to predefined simulation
edges. In addition, one-to-many relationships between traffic segments and simulation
edges are common when integrating floating car data with simulation networks, but these
relationships are not always explicitly addressed in existing approaches. Therefore, a gap
remains for a practical and transferable framework that integrates heterogeneous traffic
datasets from different sources with simulation networks, preserves the original simulation
structure, and enables direct use in simulation-oriented applications.

https://doi.org/10.3390/sul8115566
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To address this gap, this study proposes a GIS-based spatial framework for integrating
heterogeneous traffic datasets with road networks used in traffic simulation models. The
proposed methodology focuses on a practical and transferable workflow based on spatial
relationships, directional consistency, and geometric overlap rather than complex optimiza-
tion or machine learning techniques. Implemented using standard GIS tools, specifically
QGIS, the framework enables integrating traffic datasets with simulation networks while
preserving the original simulation geometry and explicitly handling one-to-many rela-
tionships between traffic segments and simulation edges. In addition, the framework
introduces a detector-based representation of multiple matches to support simulation-
oriented applications. The methodology is applied and validated using case studies based
on floating car data integrated with simulation networks derived from OSM. This facilitates
the preparation of enriched and calibrated simulation environments for applications includ-
ing traffic analysis, network performance evaluation, and the development of more reliable
models for sustainable urban mobility analysis and urban mobility scenario modeling.

The remainder of the paper is structured as follows. Section 2 describes the datasets
used and the study area in which the methodology is applied. Section 3 outlines the
proposed methodology and framework of the study. Section 4 presents the results and
discusses the potential applications of the merged datasets. Finally, Section 5 provides the
conclusions and recommendations for future research.

2. Data and Study Area

This section describes the datasets used in the study and the geographic area selected
for the proposed framework’s application.

2.1. Simulation Network Derived from OSM

The road network used in the traffic simulation is derived from OSM and generated
using the OSM Web Wizard, an integrated tool within the SUMO (Simulation of Urban
MObility) platform [1]. This tool consists of a set of Python 3.12 scripts to automatically
download and convert OSM road data into a network format compatible with the simu-
lation environment. During this process, road elements are imported according to their
classifications, permitted vehicle types, and the simulation configuration defined for the
selected geographic area. The resulting configuration includes a network file (osm.net.xml)
that represents the road infrastructure of the selected study area within a rectangular
bounding box. To obtain a network that matches the exact shape of the study area, the
downloaded network was further processed with the NETEDIT tool. By importing both
the network file and a polygon shapefile representing the study area boundary, the network
was clipped to the desired spatial extent.

For spatial analysis and integration with external datasets, the network was converted
into GeoJSON format using the net2geojson.py tool. This conversion exports only the
network edges, excluding junctions and connections, as the objective of this study is to
match network edges with traffic datasets. The resulting Geo]JSON dataset contains several
attributes associated with each edge, including the OSM identifier (edge ID), element
type (edge), permitted vehicle types (allow), road name, number of lanes, and maximum
allowed speed. Additionally, the length of each edge was calculated and appended to the
dataset by parsing both the osm.net.xml network file and the GeoJSON dataset using a
custom Python script (Add_length_SUMO.py), which extracts the geometric length of each
edge and adds it to the attribute table. The final dataset was then imported into QGIS for
further spatial analysis and integration with the FCD traffic dataset.

https://doi.org/10.3390/sul8115566
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2.2. Traffic Data Description and Processing

Traffic data used in this study were obtained from the TomTom Traffic Stats, Area Anal-
ysis platform [15], which provides aggregated traffic information derived from anonymized
GNSS devices installed on board. Observations are aggregated to generate statistical traffic
indicators for predefined road segments within a selected geographic area.

The dataset is in the Orbis map format, which represents the proprietary road network
used for traffic analytics on the platform. The data were downloaded for the selected
study area through the Traffic Stats portal and provided as a shapefile containing the
road network geometry, together with additional attribute tables describing hourly traffic
statistics. The network shapefile contains the geometric representation of road segments
and includes attributes such as the segment identifier, segment length, functional road class
(FRC), speed limit, and street name. Each segment is uniquely identified by an ID, which
links the network geometry to additional tables containing traffic information.

Traffic statistics are provided in separate tables for different time intervals, with hourly
aggregation used in this dataset, including several traffic indicators derived from FCD
measurements, such as average travel time, median travel time, average speed, harmonic
average speed, speed standard deviation, percentile speeds, and the number of observations
used in the calculations, allowing the characterization of traffic conditions across different
times of the day.

2.3. Study Area

The study area selected for this analysis is located in the central part of the city of Biella,
in the Piedmont region of northern Italy. The area was selected as a representative urban
environment where traffic simulation models can be used to evaluate traffic management
strategies. To develop a reliable microscopic traffic simulation model, it is necessary to
calibrate and validate it using observed traffic data. However, before such calibration can
be performed, traffic data from external sources must be integrated with the road network
used in the simulation model. Therefore, the first step consists of merging the simulation
network with traffic datasets, which represents the primary objective of this study.

After clipping the network to the study area boundary, the simulation network con-
tains 194 nodes and 360 edges. The road network comprises multiple road classes, including
secondary, tertiary, residential, and unclassified roads. A comparable road network was
also obtained from the FCD platform, which contains 366 road segments within the same
study area.

Although the number of segments is similar between the two datasets, important
differences exist. In several locations, the traffic dataset provides finer road segmentation,
resulting in multiple traffic segments corresponding to a single edge in the simulation
network. Conversely, some residential and unclassified roads present in the simulation net-
work are not included in the observed traffic dataset, which partly explains the discrepancy
between the two networks.

Figure 1 illustrates the simulation network edges exported as a GeoJSON dataset,
which includes only the road segments and excludes junctions and connections. Figure 2
presents the corresponding FCD road network covering the same study area.

The traffic data used in this study correspond to weekday traffic conditions during
the Autumn-Winter period from September 2024 to March 2025, aggregated at hourly
time intervals.
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Figure 1. Simulation road network edges in the selected study area.
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Figure 2. FCD road network in the selected study area.
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2.4. Dataset Differences and Integration Objectives

Although both datasets represent the same underlying road infrastructure, several
structural differences exist between the OSM-derived simulation network and the FCD
traffic network, requiring a specific process to integrate traffic information between the
two datasets.

First, the two networks do not share a common identifier field. Edges in the simulation
network are identified by unique IDs generated during the network conversion process,
whereas the FCD dataset uses proprietary segment identifiers. Consequently, a direct
attribute join between the two datasets is not possible. Second, road segmentation differs
between the datasets. In many cases, a single edge in the simulation network corresponds
to multiple segments in the traffic dataset, while in other cases multiple simulation edges
correspond to a single segment. These 1:N and N:1 relationships complicate the direct
transfer of traffic attributes between the networks.

Another issue to be managed is the edge directions. In the simulation network,
each direction is represented by a separate edge. In contrast, the traffic dataset often
represents bidirectional roads using two vectors along the same geometric line, resulting
in overlapping directional information. Furthermore, slight geometric differences exist
between the two datasets, including variations in segment length, spatial alignment, and
road curvature. These discrepancies arise because the networks are generated from different
mapping processes and data sources.

These differences highlight the need for a spatial matching procedure capable of
linking traffic segments with the corresponding edges of the simulation network. Figure 3
illustrates an example of spatial differences between the two networks in the study area,
highlighting differences in segmentation and geometric representation.

A =

Legend

0 10 20m —— TomTom Orbis Netwrok
[ — —— OSM SUMO Network Edges
OSM Standard

Figure 3. Example of spatial differences between simulation network edges and the FCD road
segments in the study area.

3. Methodology

The methodology adopted to harmonize traffic data with the simulation road network
is illustrated in Figure 4. The framework consists of three main stages: preparation of
the simulation road network, preparation of the FCD road network, and spatial matching
and filtering to associate traffic segments with the corresponding edges of the simulation
network. All spatial processing steps were performed using QGIS.

https://doi.org/10.3390/sul8115566
172



Sustainability 2026, 18, 5566

CRS Reprojection

v

[ )
[ Segment Direction ]
[ )

CRS Reprojection

I
I
I
:
I
. I
I
I
I
I
I

Calculation

[ Edge Direction ]
Calculation

N
I

|

| I
I

I

|

I

I

|

I

I

v

[ )
[ )
(" overap tenin cacuaton )
[ )
[ )
[ )

v

Hierarchical Match Cleaning

v

Ordering of Matched Traffic
Segments

Spatial Matching and Filtering

Attribute Join to Original
Simulation Network

/ Final Integrated Netwum/
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3.1. Simulation Road Network Preparation

The simulation network edges, exported in GeoJSON format using the WGS84 co-
ordinate reference system (EPSG:4326) explained in Section 2.1, are imported into QGIS
for further spatial processing. For compatibility with other datasets used in the analysis,
particularly the FCD road network, the layer is converted to a Shapefile, although the
workflow could also be performed directly using GeoJSON layers.

The dataset is then reprojected from WGS84 (EPSG:4326) to UTM Zone 32N
(EPSG:32632), which is appropriate for northern Italy and enables spatial operations to
be performed using metric units. This step is necessary because subsequent geometric
operations, such as buffer creation, length calculations, and spatial overlap analysis, require
measurements in meters rather than degrees.

To characterize the direction of each edge, a directional attribute (azimuth) is computed
based on the start and end points of the edge geometry using the QGIS Field Calculator.
This operation assigns a directional value to each edge representing its orientation within
the range of 0-360°, consistent with standard azimuth conventions.

Finally, a 3 m buffer is generated around each edge using flat end caps and without dis-
solving adjacent features. The buffer accounts for geometric discrepancies between datasets
and ensures that nearby traffic segments can be captured during the subsequent spatial
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matching process. This value is selected based on initial visual inspection and preliminary
trial analyses of geometric misalignment between the datasets. The buffer size can be
adjusted depending on the degree of misalignment and should be large enough to capture
as many potential matches as possible. Including segments with opposite directions does
not introduce issues, as these are removed during directional filtering. However, exces-
sively large buffers may capture adjacent parallel links with similar directions (e.g., service
roads and main corridors), which can lead to incorrect matches due to high directional
consistency and overlap ratios.

3.2. FCD Road Network Preparation

The FCD road network data is downloaded from the ORBIS map in Shapefile format
using the WGS84 coordinate reference system (EPSG:4326). The dataset is then imported
into QGIS for spatial preprocessing.

To ensure consistency with the simulation road network, the dataset is reprojected to
UTM Zone 32N (EPSG:32632). Using the same projected coordinate reference system allows
all subsequent spatial operations to be performed in metric units and ensures geometric
compatibility between the two datasets.

A directional attribute (azimuth) is then computed for each segment based on the start
and end points of the segment geometry using the QGIS Field Calculator. This results in
orientation values ranging from 0° to 360°, consistent with the convention used for the
simulation network.

In this dataset, bidirectional roads are represented by two overlapping line features,
each corresponding to a different travel direction. To avoid spatial ambiguity, a 1.5 m
right-side offset is applied using the QGIS Geometry by Expression tool. This offset sepa-
rates the two directional representations geometrically while preserving their directional
attributes, allowing them to be distinguished during the spatial matching stage. The value
is determined based on the typical lateral displacement observed between segments and
is sufficient to separate overlapping features and slightly shift them toward lane centers.
When segments are already spatially separated, the offset does not significantly alter their
correspondence with the simulation network.

The buffer and offset values are defined based on an initial inspection of geometric
alignment between datasets and can be adjusted to balance the inclusion of candidate
matches and the reduction in false associations. In practice, the buffer size plays a more
critical role in capturing potential matches during the spatial join phase, while the offset
primarily serves to separate overlapping directional features. An appropriate buffer value
depends on the degree of geometric misalignment and should be selected to maximize
candidate capture while limiting the inclusion of unrelated parallel links.

3.3. Spatial Matching and Filtering

After preparing both datasets, a spatial matching procedure is applied to associate
traffic segments with the corresponding edges of the simulation network. The process
includes spatial joining, directional filtering, overlap-based selection, and ordering of
matched segments.

3.3.1. Spatial Join

A Join by Location operation is performed in QGIS to associate the simulation network
with the traffic dataset. The 3 m buffer layer generated around the network edges is used
as the input layer, while the offset traffic segments is used as the join layer. The spatial
predicate Intersects is applied, and the join is configured as a one-to-many relationship.

Through this operation, attributes from the traffic dataset, particularly the segment
identifier, are transferred to the buffered network layer. If an edge does not intersect any
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segment, no attributes are assigned. Otherwise, due to differences in network segmentation,
the join may produce either one-to-one or one-to-many relationships, where a single
simulation edge corresponds to one or multiple segments.

3.3.2. Directional Consistency Filtering

Because spatial proximity alone may associate simulation network edges with traffic
segments representing an opposite travel direction, a directional consistency filter is applied.
The angular difference between the orientation of each edge and the corresponding segment
is computed to verify whether the two geometries represent a similar direction of travel.

A new attribute representing the angular difference is calculated to measure the absolute
difference between the edge direction and the segment direction, while accounting for the
circular nature of angular measurements (0-360°). The resulting value ranges between 0° and
180°, representing the minimum directional difference between the two geometries.

Based on this measure, valid matches are identified using a directional threshold of
45°. Matches with an angular difference of 45° or less are retained to ensure directional con-
sistency between the paired geometries while allowing a tolerance for geometric variability.
This threshold represents a balance between maintaining consistent travel direction and
accounting for curvature or irregularities in road geometry. In addition, cases in which no
segment is associated with an edge are preserved to maintain complete simulation network
coverage for subsequent analysis.

3.3.3. Overlap Length Calculation

Despite the directional filtering step, some edges may still be associated with multiple
segments. This situation typically occurs near intersections where edges are relatively short
or where the spatial buffer captures the endpoints of adjacent segments. To distinguish
the most relevant matches, the geometric overlap length between edges and segments
is computed.

An intersection operation is performed between the offset FCD dataset and the buffer-
joined layer. The resulting geometries represent the overlapping portions between the
two datasets. For each intersecting feature, the overlap length is calculated and stored as
an attribute.

The computed overlap length is then associated with the corresponding edge-segment
pair in the joined dataset. To normalize this measure, an overlap ratio is calculated by
dividing the overlap length by the total length of the corresponding traffic segment. This
ratio represents the proportion of each segment that overlaps with the corresponding
simulation network edge and provides a quantitative indicator for selecting the most
representative match.

3.3.4. Hierarchical Match Cleaning

To resolve cases where multiple segments remain associated with a single simulation
network edge, a hierarchical selection procedure is applied. This procedure combines
directional consistency, overlap ratio, and edge length criteria to retain the most appropriate
matches while preserving complete network coverage.

First, edges that do not intersect any segment are retained without modification. If an
edge is associated with only one segment, the match is preserved directly.

For edges with multiple potential matches, the selection depends on edge length. For
edges longer than or equal to 10 m, traffic segments covering at least 45% of their length
within the overlap region are retained. If none of the candidates satisfy this threshold,
the segment with the maximum overlap ratio is selected. A slightly relaxed threshold,
compared to stricter values (e.g., 50%), is adopted to avoid excluding valid matches due
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to minor geometric misalignments while still ensuring that only representative segment
overlaps are retained.

For short simulation network edges (<10 m), where geometric overlap may be less
reliable, the segment with the smallest angular difference relative to the edge direction
is selected.

This hierarchical filtering procedure produces a cleaned dataset in which each simula-
tion edge is associated with the most appropriate segment or segments while minimizing
false matches.

3.3.5. Ordering of Matched Traffic Segments

In some cases, a single edge remains associated with multiple segments after the spatial
matching and filtering stages. For subsequent analyses, such as sequencing segments,
aggregating speed or travel time information, or defining detector locations along the
simulation network, it is necessary to establish an order among the matched segments.

To address this, a new integer ordering attribute is introduced. This attribute is as-
signed only to edges associated with more than one segment. The ordering is determined
based on the distance between the start point of the edge and the midpoint of each cor-
responding segment. The segment whose midpoint is closest to the start of the edge is
assigned an order value of 1, the next closest segment is assigned 2, and so on.

The midpoint of each segment is approximated using its centroid, while the reference
position of the edge is defined by its start point. For each edge, the distances to all associated
segment centroids are calculated and sorted in ascending order. The relative position of
each distance in this ordered list defines the value of the ordering attribute.

This procedure is implemented in QGIS using aggregation functions within the Field
Calculator, grouped by the simulation network edge identifier. For edges with only one
matched segment, or with no associated segment, the ordering field remains NULL, as no
ordering is required in these cases.

3.3.6. Attribute Join and Final Integrated Layer

The cleaned traffic dataset attributes are joined back to the original network GeoJSON
layer using a Join by Attribute operation in QGIS with a one-to-many relationship. The
edge identifier is used as the key field to associate the matched segment identifiers and
their corresponding attributes from the buffer-based matching layer with the original
network geometry.

After completing the attribute join, the resulting dataset is reprojected back to the
WGS84 coordinate reference system (EPSG:4326) and exported in GeoJSON format. In the
final integrated dataset, each edge is associated with the corresponding segment identifier(s)
or remains NULL where no match is available.

This structure enables the subsequent integration of hourly traffic statistics, which can
be linked to the network using the segment identifier as the key field.

3.4. Detector-Based Representation of Multiple Matches

In cases where a single simulation network edge is associated with multiple traffic
segments, differences in segmentation between the simulation network and the traffic
dataset lead to multiple traffic measurements (e.g., speed or travel time) corresponding to
a single edge. To address this issue, a detector-based representation is introduced as part of
the methodology. The objective is to preserve the segmentation of the traffic dataset while
maintaining the simulation network’s structure.

Lane area detectors (E2 detectors) available in the SUMO platform [25] are used to
represent the spatial distribution of the matched traffic segments along each simulation
edge. For edges associated with multiple segments, multiple detectors are placed along
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the edge according to the spatial ordering defined in Section 3.3.5, with each detector
corresponding to one matched segment. Detector placement is implemented through a
Python script that reads the matched dataset and automatically generates the detector
configuration file.

This representation enables the extraction of simulation outputs (e.g., speed, flow, and
occupancy) at locations consistent with the segmentation of the traffic dataset, allowing
a more accurate comparison between simulated and observed traffic parameters. By in-
tegrating detector placement into the workflow, the framework preserves one-to-many
relationships between simulation edges and traffic segments without modifying the net-
work geometry, extending the matching process to a simulation-ready representation of
traffic data.

4. Results and Discussion

The methodology described in Section 3 was applied to the study area presented
in Section 2.3. The results of the spatial matching process are analyzed to evaluate the
integration between the simulation network and the traffic dataset.

4.1. Matching Results and Dataset Structure

The final output of the proposed methodology is a GeoJSON layer representing the
simulation network edges enriched with attributes derived from the traffic dataset. The
resulting attribute table establishes a relationship between the network edges and the
corresponding traffic segments. Each edge is associated with the identifier of the matched
segment or remains NULL if no corresponding segment is found.

The attribute table of the integrated dataset includes several fields describing char-
acteristics of both datasets. These include the simulation edge identifier, matched traffic
segment identifier, and additional geometric and directional indicators used during the
matching procedure. For each pair of matched segments, the dataset stores the edge length,
segment length, azimuth angles of both geometries, angular difference, overlap length,
overlap ratio, and the ordering attribute assigned when multiple segments correspond to a
single edge. In addition, road attributes such as the speed limit from the simulation dataset
(m/s) and the traffic dataset (km/h) are preserved.

Table 1 presents an example of several rows from the final dataset, illustrating the
relationship between the edge identifiers and the matched segment identifiers, as well as
selected geometric and directional attributes produced during the matching process.

Once the matching is completed, the id field of the traffic dataset allows the integration
of traffic statistics with the simulation network. Using this identifier as a key field, hourly
traffic information can be directly joined to the simulation network. As an example, the
hourly dataset corresponding to the Autumn—Winter weekday period from September 2024
to March 2025 between 08:00 and 09:00, representing the morning peak hour, was joined
to the integrated network. This operation enriches the simulation network with observed
traffic indicators such as average travel time, median travel time, average speed, harmonic
average speed, median speed, standard deviation of speed, and measurement counts.

The matching statistics for the study area indicate that the majority of edges are
successfully associated with traffic segments. Out of 360 edges in the simulation network,
257 exhibit a one-to-one relationship with a single segment, while 40 edges are associated
with multiple segments. Among these, 25 edges correspond to two segments, 7 to three
segments, and 8 to four segments. In addition, 63 edges have no corresponding segment,
indicating the absence of traffic data (Table 2). Overall, more than 80% of the network
edges are successfully linked with traffic information, demonstrating the effectiveness of
the proposed methodology.
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Table 2. Distribution of the number of matched traffic segments associated with each simulation

network edge in the study area.

Number of Matched Segments per Edge Count Percentage (%)
0 63 17.5
1 257 71.4
2 25 6.95
3 7 1.95
4 8 22

As a first assessment, the integrated dataset was visually inspected in QGIS. For most
matched cases, the segments align well with the corresponding edges, confirming the effective-
ness of the spatial, directional, and overlap-based filtering steps. However, some limitations
were identified. Unmatched edges are often associated with residential or unclassified roads
that are not included in the traffic dataset, resulting in missing traffic information.

Additional discrepancies occur in locations where geometric representations differ,
particularly along curved roads or polylines with multiple vertices. In such cases, the
computed angular difference may exceed the filtering threshold, preventing valid matches.
An example of this situation is illustrated in Figure 5, where geometric curvature leads to
directional inconsistency.

A
/ Legend

—— TomTom Orbis Netwrok
—— OSM SUMO Network Edges

OSM Standard \

i
\ 0 25 som // \
[ — \

Figure 5. Example of geometric misalignment resulting in an unmatched edge due to directional

filtering.

Further mismatches may occur near intersections or roundabouts, where the overlap-
based filtering step may remove potential matches due to the relatively small overlap ratio
between segments. Nevertheless, these cases typically occur on short or low-priority road
segments and therefore have limited impact on the overall integration of the simulation
network with traffic data.

Validation of Matching Results

To quantitatively assess the performance of the proposed methodology, a manual
validation was conducted on all 360 simulation network edges. Each edge was evaluated
by comparing the matched traffic segments with the true corresponding segments identified
through visual inspection in QGIS. Validation was performed using the simulation network
edges as the reference unit, as this represents the fixed structure required for simulation,
while traffic data must be consistently integrated onto it.

For each edge, the numbers of true matches, detected matches, and correctly matched
segments were recorded. Based on these values, performance metrics were computed,
including precision and recall. Precision is defined as the ratio of correctly matched
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segments to the total number of detected matches, while recall represents the ratio of
correctly matched segments to the total number of true segments.

The validation results indicate an overall precision of 97.8% and a recall of 96.2%,
demonstrating that the proposed methodology achieves high accuracy in identifying
relevant matches while maintaining a limited number of false and missing associations. In
terms of edge-level accuracy, 346 out of 360 edges (96.1%) were correctly matched, while
3 edges (0.8%) were partially correct and 11 edges (3.1%) were incorrectly matched. These
results confirm the robustness of the proposed approach.

A more detailed analysis shows that, out of 360 edges, 63 resulted in no match. Among
these, 60 correspond to cases where no FCD data are available, while 2 are associated with
directional filtering errors (Figure 5), in which valid segments were excluded due to
angular differences greater than 45°. One additional case corresponds to a missing match
in a roundabout due to offset-related geometric misalignment. Among the 257 one-to-one
matches, 249 were correctly identified. The remaining cases include 2 false matches, where
segments were incorrectly assigned despite low overlap but acceptable angular difference,
and 6 missing matches, mainly occurring in roundabouts due to horizontal misalignment,
lack of finer FCD segmentation, or offset-related discrepancies. For the 40 one-to-many
matches, 37 were correctly identified. The remaining cases include 1 missing match, where
one of the true segments was not captured due to geometric misalignment, and 2 cases
affected by the overlap threshold, where valid segments were excluded because their
overlap ratio was below the adopted threshold. Overall, 14 false matches were identified,
including a small number of partially correct cases, while 8 edges showed inconsistencies
between the number of detected and true matches.

The analysis of mismatches indicates that most errors are associated with missing matches
rather than incorrect associations. These cases are primarily caused by geometric discrepancies
between datasets, including horizontal misalignment, and, in a few cases, insufficient overlap
or directional filtering effects. In particular, mismatches were observed near roundabouts
and intersections, where differences in network representation and segmentation are more
pronounced. Despite these localized issues, the high precision and recall values indicate that
by the adopted thresholds and filtering criteria provide an acceptable matching performance
for the integration of traffic data with the simulation network.

4.2. Application of Detector-Based Representation in Simulation

The detector-based representation introduced in Section 3.4 is applied to the integrated
dataset to illustrate its use in handling multiple matches within the simulation environment.
For simulation edges associated with multiple traffic segments, multiple detectors are
placed along the same edge according to the spatial ordering defined during the matching
process. This enables each segment to be represented individually within the simulation
while preserving the original network structure.

This correspondence is illustrated in Figure 6, where multiple traffic segments mapped
to a single edge are represented by multiple detectors, enabling segment-level comparison
of traffic variables.

The same approach can also be extended to the entire network, enabling systematic
monitoring of simulation outputs and facilitating direct comparison with observed traffic
data. Additionally, detector-based measurements can be used as input for model calibra-
tion or traffic demand estimation, further enhancing the integration between simulation
and observations.
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Figure 6. Example of multiple traffic segments corresponding to a single simulation edge and the
associated placement of E2 detectors along the edge.

4.3. Transferability Analysis in an Additional Case Study

To further assess the transferability of the proposed methodology, an additional
application was conducted in a different urban area located in the southwest of Turin, Italy,
with a specific focus on the intersection of Corso Trapani and Corso Peschiera, including
adjacent roads such as Via Frejus and Corso Racconigi (Figure 7). The traffic dataset was
derived from the TomTom Traffic Stats platform [15], covering mainly primary roads and
excluding minor and service roads, with the same structure described in Section 2.2. The
objective of this additional application was to evaluate the applicability of the methodology
across various locations.

As discussed in Sections 3.1 and 3.2, buffer and offset values can be adjusted depending
on the geometric differences between datasets. Based on an initial visual inspection, the
average lateral offset between networks was estimated, confirming that an offset value of
1.5 m is suitable for the traffic dataset in most cases. To increase the capture of candidate
matches before the filtering stage, a buffer value of 6 m was applied to the simulation
network edges.

The results show that, following the proposed methodology, the dataset was success-
fully integrated with the simulation network where traffic data were available, which in
this case were limited to the main roads. As a result, out of 183 simulation edges from OSM,
135 simulation edges were not matched, while 48 edges were successfully associated with
traffic segments. Among these, 28 correspond to one-to-one matches and 20 to one-to-many
relationships, including cases with higher segmentation (up to six segments associated
with a single simulation edge). These differences are primarily due to variations in data
availability (as shown in Figure 7) and segmentation schemes between the traffic dataset
and the simulation network. Despite these differences, the methodology consistently
identified appropriate spatial correspondences between simulation network edges and
traffic segments.
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Figure 7. Overlay of simulation network edges and FCD traffic segments in the Turin case study.

Although this second case study is also based on an urban area, it presents a more com-
plex network structure with dense intersections. The results demonstrate that the proposed
framework can be applied across different locations. The methodology shows practical
transferability, requiring only an initial approximation of buffer and offset parameters
based on dataset characteristics, while maintaining robust matching performance.

4.4. Potential Applications

The integration of traffic information with the simulation network enables several
practical applications for traffic modeling and simulation studies.

A first application is the correction and refinement of speed limits in the simulation
network. Open-source data may contain inaccurate speed limit values that can affect
simulation realism. For example, as shown in Table 1, an edge corresponding to OSM ID
-1078137846 has a maximum speed of 27.78 m/s (100 km/h), which is unrealistic for a
road located in the city center of Biella. However, the matched data indicate a speed limit
of 30 km/h, derived from two associated segments. Updating these attributes with the
integrated dataset can improve the network’s accuracy before simulations.

Another application is the placement of traffic detectors in microscopic simulations.
While Section 4.2 focuses on their role in representing multiple matched segments along a
single edge, detectors can also be used more generally to monitor traffic conditions along
network links [25]. These detectors function similarly to traffic monitoring devices, such as
vehicle-tracking cameras, and measure indicators such as vehicle counts, speeds, queues,
and congestion conditions. By using the matched segment information, detectors can
be systematically placed along the simulation network’s edges corresponding to traffic-
monitoring locations. This enables the extraction of simulation outputs that are directly
comparable with observed traffic data.

https://doi.org/10.3390/sul8115566
182



Sustainability 2026, 18, 5566

Such integration also enables improved simulation validation procedures. In previous
work, simulation validation was performed by manually selecting representative routes and
comparing simulated average speeds with observed floating car data along those routes [6].
Although this approach provided useful insights into the overall simulation performance,
the validation process remained limited to aggregated route-level comparisons and required
manual selection of validation paths. However, with the integrated dataset produced by
the proposed framework, validation can be performed systematically at the edge level,
enabling comparison of simulated and observed traffic indicators such as speed and travel
time for each matched segment and time interval. This increases the spatial resolution and
robustness of the validation process.

Another potential application is the estimation and calibration of traffic demand. FCD
datasets provide information on vehicle movements, speeds, and traffic density at a higher
spatial resolution than traditional detector networks. As discussed by Veihelmann et al. [12],
high-resolution probe counts can be integrated into microscopic traffic simulations by
matching commercial traffic datasets with simulation networks and using the resulting
traffic counts as constraints for demand generation and route sampling. In particular,
segment-level traffic counts can support route sampling, O-D matrix calibration, and
demand generation procedures, enabling the development of more realistic large-scale
microscopic simulations.

Overall, the integration framework presented in this study provides a flexible basis
for network calibration, detector placement, simulation validation, and traffic demand
generation, facilitating the use of traffic data in simulation-based transport studies.

5. Conclusions

This study presented a GIS-based framework for integrating FCD traffic data with
road networks used in traffic simulation models. The proposed methodology addresses a
common challenge in transportation modeling: integrating heterogeneous datasets that
represent the same road infrastructure using different segmentation schemes and without
shared identifiers. By combining spatial analysis techniques within a GIS environment, the
framework enables the association of traffic segments with a simulation network derived
from open-source data.

The methodology consists of several sequential steps, including preprocessing of the
simulation network and traffic data, spatial buffering, spatial joining, directional consis-
tency filtering, overlap-based matching, and hierarchical cleaning of candidate matches.
These procedures enable the identification of spatial relationships between the two datasets
while minimizing false matches due to geometric differences or segmentation inconsisten-
cies. The workflow is implemented using standard tools in QGIS, ensuring transparency,
reproducibility, and applicability without requiring complex optimization or machine
learning approaches.

The proposed framework was applied to a case study in the central area of Biella,
Italy. Despite structural differences between the datasets, the matching process successfully
associated more than 80% of the simulation network edges with corresponding FCD traffic
segments. Most matches resulted in one-to-one relationships, while a smaller proportion
reflected one-to-many associations due to finer segmentation in the traffic dataset. A
quantitative validation conducted on all simulation network edges showed high matching
accuracy, with overall precision and recall values of 97.8% and 96.2%, respectively. The
analysis also showed that most mismatches were related to missing matches caused by
geometric discrepancies near roundabouts, intersections, or curved road segments, rather
than incorrect associations between unrelated segments.
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An additional case study conducted in a neighborhood in Turin further demonstrated
the transferability of the proposed methodology across different study areas. Despite the
more complex urban network structure, the methodology maintained robust matching per-
formance, confirming that the directional and overlap-based filtering criteria are effective,
while buffer and offset parameters can be adjusted according to dataset characteristics and
geometric alignment conditions.

The resulting integrated dataset provides a structured link between edges modeled
for simulation and traffic statistics. This enables the direct integration of hourly traffic
indicators such as travel time, speed, traffic flow, and traffic variability into the simulation
network. Such information can improve the reliability of traffic simulation models and
support several practical applications. These include correcting network attributes such as
speed limits, systematically placing traffic detectors within simulation environments, and
validating simulation outputs against observed traffic data. Additionally, the framework
facilitates the use of traffic observations as constraints for estimating and calibrating traffic
demand in microscopic simulations.

Although the methodology demonstrated promising results, some limitations remain.
Differences in network geometry, particularly near curved road segments or complex
intersections, may lead to missing matches when directional thresholds or overlap criteria
are applied. Furthermore, some roads in the simulation network may not be included in
the traffic dataset, leading to unavoidable gaps in the integrated network. The adopted
thresholds demonstrated robust performance in the presented applications; however, future
research could further investigate adaptive or automated threshold selection procedures,
additional geometric similarity indicators, or hybrid approaches combining GIS-based
matching with machine learning techniques.

Overall, the study demonstrates that heterogeneous traffic datasets can be effectively
integrated with simulation networks through a GIS-based workflow. The proposed frame-
work offers a transferable approach for preparing enriched traffic simulation models by
taking advantage of big-data traffic platforms. This can support transportation planning
processes oriented toward sustainable mobility actions, which in some cases may generate
side effects that should be predicted in advance to better manage the application of traffic
control strategies and mobility management measures.
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Abstract

Rapid urbanization in the Yellow River Basin intensifies the conflict between urban ex-
pansion and the thermal environment, threatening ecological security and sustainable
development. Utilizing multi-source data (2000-2023) including nighttime light (NTL) and
land surface temperature (LST), this study applies spatial analysis and Geographically
Weighted Regression (GWR) to explore the spatial associations between urban development
and LST and its drivers across core cities. The results indicate significant spatiotemporal
differentiation: mid-downstream cities exhibited contiguous urban expansion, whereas
upstream growth remained constrained by local topography, with heat islands consistently
concentrating in built-up areas. The warming rate decreased gradually from downstream
(0.29-0.40 °C/year) to upstream (0.20-0.30 °C/year). The LST-NTL correlation strength-
ened notably in mid-downstream regions but remained moderate upstream. GWR analysis
revealed that urban development intensity, represented by NTL, is the primary driver
of LST increase downstream, while natural factors predominantly mitigate warming up-
stream. This long-term, multi-city comparison provides a scientific basis for precise urban
heat island management and sustainable planning in the basin.

Keywords: Mann-Kendall non-parametric test; nighttime light; Sen’s slope; spatial auto-
correlation; land surface temperature; urban development

1. Introduction

Against the backdrop of the synergistic advancement of global sustainable develop-
ment agendas and regional strategies, the implementation paths of UN SDG 11 (Sustainable
Cities and Communities) and SDG 13 (Climate Action) [1], together with China’s national
strategy for ecological preservation and high-quality development in the Yellow River
Basin [2], collectively impose urgent requirements for the regulation of urban thermal
environments and the construction of ecological security patterns. The rapid pace of global
urbanization has led to increased LST and heat island effects, which pose significant eco-
logical challenges to regional sustainable development [3]. LST serves as a crucial indicator
of the thermal environment, demonstrating spatiotemporal variations that are fundamen-
tally associated with the intensity of urban development, land surface characteristics, and
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natural conditions [4-6]. These variations significantly influence ecological functions [7,8],
human comfort [9], and climate regulation [10,11]. Thus, revealing the spatial interaction
mechanisms between LST and heat island effects has become a significant research focus
in geography and urban ecology, offering a scientific foundation for urban development
strategies that achieve the coexistence of human and natural systems.

International research commenced in the 19th century with the initial observation that
metropolitan temperatures surpass those in suburban areas [12]. During the 20th century,
it increasingly depended on Landsat satellite thermal infrared data for the quantitative
inversion of LST [13,14]. Previous studies predominantly relied on single-dimensional met-
rics, such as developed land or impermeable surfaces, to quantify urban expansion [15-17].
However, the full impacts of urban development are not captured by this narrow per-
spective. Consequently, since the start of the twenty-first century, the utilization of NTL
data has transcended these limitations. Because NTL data strongly correlates with human
activity, it enables a multidimensional quantification of urbanization, encompassing eco-
nomic, demographic [18-20], and land intensities [21-23]. Rather than merely tracking the
physical footprint of built-up areas, this approach captures the true multifaceted essence
of urban growth. In China, early thermal environment studies relied predominantly on
isolated meteorological stations [24,25]. Since then, the discipline has broadened to en-
compass urban agglomeration scales by utilizing multi-source remote sensing data [26-28],
incorporating methodologies such as GWR to clarify spatial heterogeneity [29-31]. Contem-
porary research now concentrates on examining the spatial response patterns and driving
mechanisms of LST. Despite growing interest, the existing body of research on the core
cities of the Yellow River Basin exhibits considerable limitations. Studies frequently focus
exclusively on the immediate thermal conditions of specific cities in isolation [32] or merely
treat LST as an auxiliary factor in ecological assessments [33,34]. To understand the full
spatial dynamics of the region, these cities must be compared collectively. As the principal
political and economic centers of the basin, they share common watershed ecological con-
straints and exhibit significant geographical and ecological interdependence along the river
network. Furthermore, the national strategy for ecological preservation and high-quality
development in the Yellow River Basin strongly emphasizes their coordinated governance
and sustainable urban growth [3]. Comparing these primary administrative hubs along the
basin gradient provides a necessary and unified scientific foundation for regional thermal
environment management under these shared ecological and policy frameworks.

Urban development is fundamentally a multifaceted process encompassing population
aggregation, economic concentration, and land transformation. Because a single metric
cannot comprehensively capture these dynamic spatial changes, early research relying on
singular indicators faced significant constraints: impervious surfaces only reflect physical
land alteration, population statistics suffer from unit discrepancies, and economic data
are difficult to spatialize. To overcome this, satellite-derived NTL data has emerged
as a superior proxy, capable of comprehensively representing urban vitality at the grid
scale [35,36]. Its pixel values have substantial connections with metrics like economic
density, population density, and urban development levels [18,22]. While researchers have
widely utilized NTL data to investigate urban development and LST correlations at various
administrative levels, a critical gap remains. The existing literature has rarely examined the
comparative heterogeneity of these connections across core cities in the upper, middle, and
lower reaches of the Yellow River over an extended period from 2000 to 2023. Neglecting
this watershed-scale gradient obscures the distinctive associative qualities of different river
segments. Therefore, this study amalgamates NTL and land use data to quantify long-term
urban development processes, establishing a robust platform for further LST correlation
analysis and mechanism interpretation.

https://doi.org/10.3390/su18084141
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The current study has established a core framework that includes data collection,
indicator measurement, connection analysis, and mechanism interpretation to evaluate the
interactions between urban development and Land Surface Temperature (LST) in the Yellow
River Basin from 2000 to 2023. Within this framework, we utilized three primary methods:
First, the Sen + Mann—Kendall (MK) test [31,37] identifies long-term temporal trends and
critical shifts in the thermal environment. Second, the Standard Deviation Ellipse (SDE) [38]
is applied to track the spatial dynamics of urban development and the thermal environment.
By analyzing the distribution centers and dominant expansion directions of NTL and LST,
this method visually demonstrates whether their spatial evolutions are synchronous and
coordinated. Finally, a Geographically Weighted Regression (GWR) model [39] incorporates
NTL and Digital Elevation Model (DEM) data to quantify the spatial heterogeneity and
localized driving forces of LST. By seamlessly integrating these techniques, this approach
offers robust support for tackling critical inquiries: “How does urban development affect
LST? What are the distinguishing factors among different categories of core cities?” This
methodology ensures the accuracy and methodical quality of the study findings.

To address the aforementioned limitations, this study selects the core cities of the
Yellow River Basin as the research area. The specific research objectives are: (1) to clarify
the spatiotemporal correlation characteristics between urban development and LST from
2000 to 2023; (2) to identify the spatial drivers of urban development and LST within the
basin; and (3) to develop gradient-based optimization strategies for thermal environment
management. By achieving these objectives, this study provides a vital scientific foundation
for understanding urban-thermal environment interactions in temperate semi-arid and
semi-humid watersheds. More importantly, it directly supports China’s national strategy,
the “Outline of Ecological Conservation and High-Quality Development in the Yellow
River Basin” [40], by offering precise, watershed-specific guidance for reconciling rapid
urban expansion with regional ecological security.

2. Materials and Methods
2.1. Introduction to the Study Area

The core cities of the Yellow River Basin consist of seven urban centers: Jinan in
Shandong Province and Zhengzhou in Henan Province in the lower reaches; Taiyuan in
Shanxi Province and Xi’an in Shaanxi Province in the middle reaches; and Lanzhou in
Gansu Province, Yinchuan in Ningxia Hui Autonomous Region, and Xining in Qinghai
Province in the upper reaches (Figure 1). Geographically, they are strategically distributed
across all flow sections, perfectly capturing the complete spatial gradient and diverse
topographical conditions of the entire watershed.

These seven cities were defined and selected as the core cities primarily due to their
critical administrative levels, immense economic contributions, and substantial population
sizes. As provincial or regional capitals, they function as the principal implementation
areas for the national strategy of ecological conservation and high-quality development
in the Yellow River Basin [40], serving as its absolute political, economic, and cultural
centers. They act as crucial hubs linking industrial, demographic, and resource components
throughout eastern, central, and western China. As of 2023, these cities collectively con-
centrate a permanent population of over 50.79 million and generate a total Gross Regional
Product exceeding 5 trillion yuan, representing the most significant demographic and
economic concentration within the basin.
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Figure 1. Overview of the study area (seven core cities in the Yellow River Basin). (a) location of
the Yellow River Basin in China; (b) elevation of the Yellow River Basin; (c) Xining; (d) Lanzhou;
(e) Yinchuan; (f) Xi’an; (g) Zhengzhou; (h) Taiyuan; (i) Jinan. Note: This map is drawn based on
the standard map of the Map Technology Review Center of the Ministry of Natural Resources (Map
Review No.: GS (2023)2767). The boundary of the base map remains unchanged, and the same
applies hereinafter).

2.2. Data Sources

(1)  For summer LST, the 8-day LST product (MOD11A2, Collection 6.1) from the MODIS
sensor on the Terra satellite was selected. The research was conducted from 2000
to 2023 to ensure data stability, with summer defined as June to August. For the
calculation of the summer mean LST, 11 to 12 eight-day composite images were
integrated per year; specifically, 11 images were used for the year 2001, and 12 images
for all other years. Data processing was performed on the Google Earth Engine (GEE)
platform https:/ /earthengine.google.com (accessed on 6 January 2026). To ensure
high data quality, the Quality Control (QC) bands—namely, QC_Day and QC_Night—
were strictly utilized. By extracting Bits 0-1, which serve as the Mandatory QA flags,
pixels affected by cloud contamination or categorized as poor quality were masked
out. Following this QA filtering, a valid physical threshold mask between —50 °C
and 70 °C was applied to eliminate any remaining extreme outliers. Furthermore,
to address data gaps often observed in glacial or persistent cloud-covered areas, a
3 x 3 pixel focal mean interpolation was implemented for spatial completion before
computing the final summer average LST.

(2) Land use data were acquired from the 30 m spatial resolution dataset supplied by
the Resource and Environment Science and Data Center of the Chinese Academy of
Sciences. The national categorization framework’s basic system was employed to
classify land use types in the research region into cropland, woodland, grassland,
water bodies, built-up land, and unused land.

(3) NTL statistics were obtained from the United States National Geophysical Data Center
(NGDC) and the Earth Observation Group (EOG), spanning from 2000 to 2023. A
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systematic preparation workflow was initially executed on the raw data. This entailed
fusion-based denoising to eliminate artifacts from moonlight, cloud shadows, and
incidental light sources; spatial clipping utilizing the study area’s vector boundary;
and radiometric correction to standardize the data. Integrating DMSP-OLS and
NPP-VIIRS datasets presents two primary challenges: the intrinsic pixel saturation
of DMSP-OLS in metropolitan centers, and the systematic scale gap between the
dimensionless DMSP-OLS data and the radiometrically calibrated NPP-VIIRS data.

To address the first challenge, this study utilizes current research [41,42] and imple-
ments the Vegetation-Adjusted NTL Index (VANUI) to desaturate DMSP/OLS data from
2000 to 2013 for successful data integration. The particular formula is as follows:

NIR — RED
NDVI = NIR + RED M)
VANUI = 1 — NDVI x NTLyo, ()

In the formula, NDVI signifies the Normalized Difference Vegetation Index; NTLyor
denotes the normalized DMSP/OLS NTL pixel values; and VANUI indicates the desatu-
rated NTL index value.

Furthermore, to address the second challenge and achieve seamless longitudinal
integration between the two different sensors, a rigorous cross-sensor calibration was
conducted on the GEE platform. Concurrent observation samples were extracted across
the study area by pairing the 2013 VANUI-corrected DMSP-OLS with the initial 2014 NPP-
VIIRS data. A second-degree polynomial regression model was established (R? = 0.7086) to
translate the NPP-VIIRS radiance values into the simulated DMSP-OLS scale. The derived
calibration formula is expressed as:

DMSP,muiated = —0.000464 x VIIRS? + 0.040489 x VIIRS + 0.131988 3)

By applying this robust calibration model to the 2015 and 2023 NPP-VIIRS data, a
highly consistent and comparable long-term NTL time-series dataset (2000-2023) was
successfully synthesized. To ensure data continuity, temporal consistency tests were
conducted across consecutive study periods. The correlation coefficients for the paired
datasets all surpass 0.84, with each connection being statistically significant at the 0.01 level
(Table 1). Furthermore, a first-order autoregressive (AR(1)) test confirmed the temporal
stability of the integrated series, with lag-1 coefficients for all seven core cities ranging
from 0.844 to 0.883 (p < 0.01). The aforementioned results demonstrate that the combined
desaturation and cross-calibration processing successfully eradicated saturation bias and
scale discrepancies, rendering the dataset appropriate for long-term time series research.

Table 1. Temporal consistency verification of NTL data across consecutive study nodes (2000-2023).

Compared Years Data Type Compared Correlation Coefficient (R)
2000, 2005 DMSP (VANUI)-DMSP (VANUI) 0.920091679422431 **
2005, 2010 DMSP (VANUI)-DMSP (VANUI) 0.919862933686646 **
2010, 2015 DMSP (VANUI)-NPP-VIIRS (Simulated) 0.847876885335112 **
2015, 2023 NPP-VIIRS (Simulated)-NPP-VIIRS (Simulated) 0.854683595140872 **

Note: ** indicates significance at the p < 0.01 level.

(4) Socio-economic data, including the permanent resident population, urbanization
rate, and Gross Domestic Product (GDP) for the core cities in the Yellow River Basin,
were employed in this study. All data were obtained from officially published local
statistical yearbooks (e.g., Jinan Statistical Yearbook 2024, Xining Statistical Yearbook
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2024, Gansu Statistical Yearbook 2024) compiled by the respective administrative units
and released by China Statistics Press. These official statistics are characterized by
high completeness and reliability. To quantitatively validate the effectiveness of NTL
as a proxy for urban development intensity in this specific basin, a Pearson correlation
analysis was conducted, and the highly significant positive correlations between total
NTL and these socio-economic metrics are detailed in Appendix A (Table Al).

2.3. Research Methods
2.3.1. Data Preprocessing and Classification of Land Surface Temperature Levels

To address inconsistencies in spatial resolution and units across multi-source raster
data and uphold the scientific rigor and consistency of subsequent spatial analyses, thor-
ough preprocessing was conducted on the core data used in the study. Taking into account
the size attributes of the Yellow River Basin and the study aim regarding urban-thermal
environment interactions, a target resolution of 1 km x 1 km was established, ensuring
a balance between data preservation and computing performance. All raster data were
standardized with the resampling tool in ArcGIS 10.8 to achieve a consistent scale. Bilinear
interpolation was utilized for upscaling NTL data to preserve the numerical continuity
of NTL values and appropriately represent the gradual fluctuations in human activity
intensity. The mean resampling approach was utilized for LST data to reduce the impact
of individual outliers on regional temperature attributes. Mean resampling was utilized
to downscale both digital elevation models and land use data. This method harmonized
terrain detail with the retention of surface information while attaining congruence with the
desired resolution. After resampling, spatial consistency tests were performed to ensure
that the data accuracy satisfied the criteria for further analysis.

We adopted the “grid sampling-multi-value extraction” approach from previous
studies to generate standardized spatial analysis units. Utilizing administrative boundary
vector data from seven cities within the Yellow River watershed, we produced a 1 km
x 1 km regular grid employing the grid generation feature of ArcGIS 10.8. The grid
vertices were subsequently transformed into sample points. Thereafter, the pixel values
of the resampled NTL, LST, DEM, and land use raster data were spatially linked to their
corresponding grid sampling points, creating a one-to-one sample dataset. This offers a
cohesive fundamental sample unit for future analysis, including Sen + MK trend tests,
bivariate spatial autocorrelation, and GWR.

The substantial variations in core variable dimensions, together with inconsisten-
cies from multi-source sensors and multi-phase climatic changes, diminish data com-
parability and undermine the credibility of multivariate modeling or spatiotemporal
dynamic analyses.

Vnorm = V™ Vmin (4)
Vmax = Vmin

In the formula, v denotes any data point in the original dataset (radiation values for
NTL or temperature values for LST); v, signifies the minimum value in the original
dataset; vimax indicates the maximum value in the original dataset; vyorm represents the
normalized result, with a value range of [0, 1].

2.3.2. The Classification of Land Surface Temperature Levels

The research region was categorized into five thermal zones based on LST using the
mean-standard deviation method [43]: high-temperature zone, sub-high-temperature zone,
medium-temperature zone, sub-low-temperature zone, and low-temperature zone [37].
The high-temperature and sub-high-temperature areas were designated as heat island
zones. Table 2 presents the specific categorization criteria.
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Table 2. LST classification criteria and value interval.

Low Sub-Low Medium Sub-High High
Temperature Temperature Temperature Temperature Temperature
Zone Zone Zone Zone Zone
B p—15std<T< p—05std<T< p+05std<T<
formula T<u—15std L — 0.5 std 1+ 0.5 std 1+ 1.5 std T>u+15std
summer T <23.09 23.09 <T<2624 2624 <T<3252 3252<T<2566 T > 35.66

2.3.3. Theil-Sen Median Trend Analysis and Mann-Kendall Test

The Sen + MK trend test is a non-parametric statistical technique employed to identify
trend alterations [44] in time series data. This work employs this approach to examine LST
trends in the Yellow River watershed from 2000 to 2023, thereby enabling the detection of
long-term alterations in urban development and LST.

Employing Sen’s slope analysis to assess LST changes in the Yellow River watershed
during the last twenty years:

X;i — Xj
B ::rnedkn1< ;__i ),j > i (5)

In the formula, using LST as an example, x; and x; denote the sequence values for
indices I and j, respectively, where 2000 < i <j < 2023. A positive  signifies an elevation in
LST, whereas a negative 8 denotes a reduction. This approach has benefits over parametric
statistics since it accommodates missing values in time series data and does not necessitate
adherence to any particular distribution. The Mann-Kendall (MK) test assesses the impor-
tance of trends in variation. The computation can be articulated as follows: For a series of
numbers X; = (X1, X, .. ., X»), the statistic S is computed as

S = . Z sgn(x — x;) (6)

sgn(xi —x)) =4 0, x—% =0 ()

In the formula, x; and c represent the sequence values of I and j, respectively. When
n > 10, the statistical value S approximates a normal distribution, and the Z-value can be
used for trend testing:
L5 >0

/VAR(S)
Z= 0,S=0 8)

5;1, S <0
VAR(S)

n(n—1)2n+5)
13 ©)

In the formula,  denotes the quantity of data points in the series, whereas the statistical

VAR(S) =

value Z varies from (—oo, +o0). At a certain significance level o, when |Z| > uj_,/, it
signifies that the sequence demonstrates substantial variance at the « level. This study
utilized « = 0.05 and & = 0.01. According to trend analysis and statistical test outcomes, the
variations in each variable are categorized into three levels: (1) Significant Decrease (Slope
<0, p <0.05); (2) Non-Significant Change (Slope < 0 and Slope > 0, p > 0.05); (3) Significant
Increase (Slope > 0, 0.01 < p < 0.05).

https://doi.org/10.3390/su18084141
193



Sustainability 2026, 18, 4141

2.3.4. Standard Deviation Ellipse

The standard deviation ellipse (SDE) is a technique employed to delineate geographical
distribution patterns. Calculating parameters such as the ellipse’s center, major axis, minor
axis, and azimuth elucidates characteristics like the geographical distribution center, range,
and directional trends of elements [37]. This study creates a two-dimensional scatter plot
utilizing the grid pixels of NTL on the x-axis and LST on the y-axis. Employing standard
deviation ellipses to delineate substantially grouped scatter zones, thoroughly elucidating
the association between NTL and LST.

\/Zl 1X \/ i= 1YI (10)

2
B Y x® = Yy \/ x? — Yily yi) +4(Xi xyi)
R = arctan x m (11)
221 1X1Y1
D— ? L (X/cosR—y/sinR)* 12)
" (xsinR—y/cosR)
N2
G \/Zi”_l (X{COSI; —y/sinR) 13)

In the formula, P signifies the center coordinates of the standard deviation ellipse;
x{ and y| denote the coordinates of the NTL and LST two-dimensional scatter points I,
respectively; n represents the total number of scatter points; R indicates the direction
angle of the standard deviation ellipse, illustrating the predominant direction of the two-
dimensional scatter distribution. The sensitivity of LST to NTL response is evident: a
lower value corresponds to a steeper slope in the scatter distribution, signifying that a
one-unit increase in NTL leads to a more substantial rise in LST. D serves as the indicator of
directionality; a greater value signifies a more pronounced directionality in the distribution
of the scatter plot. S serves as the dispersion indicator; a larger value signifies an increased
degree of dispersion in the scatter plot.

2.3.5. Bivariate Spatial Autocorrelation

Bivariate spatial autocorrelation analyzes geographical correlations between two vari-
ables, including both global and local spatial autocorrelation [45]. The global bivariate
Moran’s I index evaluates the spatial correlation between two variables over the whole
research region. The Local Index of Spatial Autocorrelation (LISA) identifies spatial con-
nection patterns between two variables in localized areas, including high-high clustering,
low—low clustering, high—low clustering, and low-high clustering. This work utilizes
GeoDa (version 1.22.0.21) to compute the bivariate spatial autocorrelation indices between
urban development and LST in the Yellow River Basin, with the objective of examining
their geographical correlation features.

i1 L1 Wij(xi = %) (vi — )

14
SZZ 1271 if (9

In the formula, I signifies the bivariate global spatial autocorrelation index, indicating
the overall spatial correlation between variables x and y; n represents the total number
of spatial units; Wj; is the spatial weight matrix formulated via the K-nearest neighbor
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method; x; and y; denote the observed values of the independent and dependent variables
in spatial units I and j, respectively; S? is the variance of all samples.
The calculation method for the Bivariate Local Moran'’s I is as follows:

n
Ii = Zizwiij (15)
=1

In the formula, I; denotes the local spatial connection between the independent and
dependent variables in spatial unit i; z; and z; indicate the variance-standardized values
of the observed data in spatial units i and j, respectively. Four clustering patterns may
be inferred from ;. The LISA (Local Indications of Spatial Association) distribution map
graphically represents the clustering and differentiation characteristics of independent and
dependent variables in localized regions. Clustering patterns can be classified into four
categories: HH (High—High) clustering, where spatial unit i displays a high value of the
independent variable and neighboring unit j shows a high value of the dependent variable;
LL (Low—Low) clustering, where spatial unit i exhibits a low value of the independent
variable and neighboring unit j also exhibits a low value of the dependent variable; LH
(Low-High) clustering, where spatial unit i has a low value of the independent variable
while neighboring unit j has a high value of the dependent variable; and HL (High-Low)
clustering, where spatial unit i possesses a high value of the independent variable while
neighboring unit j has a low value of the dependent variable.

2.3.6. Geographically Weighted Regression Model

Geographically Weighted Regression (GWR) is a localized spatial analytic technique
aimed at accurately identifying diverse attributes within spatial data connections [46].
GWR enhances conventional global regression methods by including geographic location
data into the regression framework, yielding localized parameter estimates for specific
spatial units. The formula for calculation is as follows:

vi = Bo(uy, i) + Y Br(ui, vi)xi + € (16)
=

In the formula, u; represents the longitude of the sample point, v; signifies the latitude
of the sample point, x; indicates the kth independent variable at (u;,v;) among n inde-
pendent variables; By (u;, v;) and By (u;, v;) represent the intercept term and the regression
coefficient of x;;, respectively; y; and ¢; denote the observed value and the random error
term at (u;, v;), respectively. A GIS-based spatial regression analysis addressing geograph-
ical heterogeneity was employed, utilizing the GWR model with a fixed kernel function
and AICc-optimized bandwidth.

Nighttime light, Digital Elevation Model, and Slope were selected as explanatory
variables to capture the interaction between anthropogenic drivers and natural constraints.
Nighttime light quantifies socioeconomic intensity and human-induced heat emissions [47].
Digital Elevation Model and Slope represent fundamental topographical constraints that
govern local atmospheric diffusion and dictate urban expansion patterns [48].
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3. Results
3.1. Analysis of the Spatiotemporal Characteristics of Urban Development and Land Surface
Temperature
3.1.1. Spatial and Temporal Distribution Patterns of Urban Development and Thermal
Environment

Between 2000 and 2023, high-NTL-value zones in the Yellow River Basin experienced
significant expansion, accompanied by remarkable urban development (Figure 2). The
high-NTL-value zones in the middle and lower reaches progressively transformed from
isolated patches into continuous expanses, demonstrating substantial expansion. At the
higher elevations, Lanzhou’s NTL created a slender, elongated corridor along the river
valley. The NTL expansion in Yinchuan was constrained, but Xining’s NTL saw growth,
albeit in a rather scattered manner. This illustrates the geographical variation in urban
development along the high, middle, and lower segments of the Yellow River Basin.

2000 2010 2023 N 2000 2010 2023
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Figure 2. NTL maps of the seven core cities in the Yellow River Basin (2000-2023).

From 2000 to 2023, the urban heat island zones of core cities in the Yellow River Basin
transitioned from exposed surfaces to urban areas, a spatiotemporal pattern reflected by
the thermal level distribution of LST (Figure 3) and supported by the land use classification
map (Figure 4). Detailed five-year-interval classification maps are provided in Appendix A.
Between 2000 and 2005, urban development was minimal, leading to a diminished urban
heat island impact. High-temperature areas were mostly located in agricultural or un-
cultivated regions. The exposed surface caused these places to heat quickly under solar
radiation, resulting in elevated LST readings. Between 2010 and 2023, the expansion of
metropolitan areas exacerbated the urban—rural differential in LST, with heat island zones
encroaching toward urban peripheries. In contrast, extensive continuous regions of agricul-
tural land and green spaces, despite increasing LST values, demonstrated a reduction in
thermal intensity, shifting to moderate-temperature or sub-high-temperature zones. This
phenomenon is especially evident in Zhengzhou. In 2000, elevated temperature zones were
dispersed over agricultural land. By 2023, these zones increasingly overlapped with built
areas, whereas the thermal intensity of adjacent farms fell markedly. Lanzhou’s built-up
land is arranged in an east—west strip centered on the Yellow River valley; nevertheless,
the urban heat island effect transcends the limits of these developed regions, creating a
high-temperature zone throughout the region, with the river valley at its nucleus. Between
2000 and 2023, the expansion of new development land along river valleys and adjacent
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regions exacerbated heat buildup. High-temperature zones persisted in their intensification,
with heat intensity becoming increasingly noticeable relative to other cities.

2000 2010 2023 N 2000 2010 2023
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Figure 3. Distribution maps of thermal levels in the seven core cities of the Yellow River Basin
(2000-2023).
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Figure 4. Land use classification of the seven core cities in the Yellow River Basin (2000-2023).

Unused land

Considering the diverse topography of the Yellow River Basin and the correlations
between LST distribution, urban development patterns, and terrain, Jinan and Zhengzhou
are situated in the lower reaches on plains with extensive landscapes that facilitate large-
scale urban development. Taiyuan is situated in the river valley zone of the Loess Plateau’s
middle reaches, where urban areas emerge along the valley. Xi’an is situated in a plain area
that offers sufficient potential for urban expansion. Lanzhou is confined by the northern
and southern mountains bordering the Yellow River Basin, leading to a compact, linear
urban layout. Yinchuan is surrounded by vast deserts, while Xining is situated in a river
valley on a plateau. Topographical variances result in unique urban development patterns,
thereby affecting LST distribution. Urban development occurs rapidly in plains and river
valleys, where human activity is concentrated. Impervious surfaces replace natural surfaces,
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thereby leading to strong heat emission and retention effects that drive the increase in LST.
Conversely, urban expansion is limited in mountainous and desert peripheries, where LST
is more profoundly affected by natural surfaces, and the influence of urban areas on LST is
comparatively diminished.

3.1.2. Time Series Analysis of Land Surface Temperature

Analysis of summer LST trends in the core cities of the Yellow River Basin from 2000 to
2023 indicates, based on MK test results (Figure 5), that notable temperature increases are
concentrated in the primary urban areas of each city. Urban centers typically demonstrated
either extremely significant or significant warming, directly associated with concentrated
human-generated heat emissions stemming from land use expansion, population growth,
and industrial clustering during urban development. The more pronounced warming
signals in the middle-lower reaches (Jinan, Zhengzhou) relative to the upper-middle
reaches indicate a correlation between the intensity of urban development and the increase
in LST.
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Figure 5. LST M-K non-parametric test for summer (2000-2023): (a) Xining; (b) Lanzhou; (c) Yinchuan;
(d) Xi’an; (e) Zhengzhou; (f) Taiyuan; (g) Jinan.

Conversely, regions adjacent to the urban centers of the seven cities, primarily consist-
ing of agricultural land and natural surfaces, demonstrated no notable LST signals owing
to the diminished impact of urban development activities. This pattern creates a thermal
environment marked by significant warming in urban centers and stable conditions in
adjacent natural areas.

Sen’s slope study results (Figure 6) reveal increased warming rates in core urban areas,
with the urban districts of Zhengzhou and Jinan displaying slopes of 0.29-0.4 °C/year.
Xi’an and Taiyuan see temperature increases of 0.35-0.38 °C/year, attributed to continuous
urban expansion that facilitates heat storage. Lanzhou and Xining demonstrate temperature
increases of 0.2-0.3 °C/year, attributed to slower urbanization and less growth intensity,
leading to a more gradual pace of change. Yinchuan exhibits localized warming exclusively
inside its built metropolitan center. Regions characterized by natural surfaces, including
uncultivated terrain and agricultural fields, have slopes nearing zero, with certain areas
reflecting marginally negative values.
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Figure 6. Summer LST slope trend (2003—2020): (a) Xining; (b) Lanzhou; (¢) Yinchuan; (d) Xi’an; (e)
Zhengzhou; (f) Taiyuan; (g) Jinan.

Overall, LST alterations in core cities are intricately associated with urban devel-
opment; major urban regions characterized by concentrated development demonstrate
elevated Sen slopes and strong upward trends in Mann-Kendall tests. Peripheral natural
areas, less affected by development, demonstrate slopes toward zero, with certain locations
displaying marginal cooling tendencies, indicating the impact of urban development inten-
sity on LST. The prominent patterns in MK tests predominantly correspond with the extent
of Sen slope variations.

3.2. The Influence Mechanism of Urban Development on Land Surface Temperature
3.2.1. The Correlation Between Urban Development and Land Surface Temperature

The correlation coefficient between NTL and LST and the spatial characteristics of
the two-dimensional scatter plot were obtained through analysis (Figure 7, Table 3). The
analysis is as follows:

Between 2000 and 2023, the association between NTL and LST in the Yellow River
Basin demonstrated notable geographical gradient variations throughout its upper, middle,
and lower reaches: The middle and lower reaches exhibited a robust positive association
between NTL and LST, with the correlation strength progressively intensifying. Conversely,
the higher reaches had very weak connections, with Lanzhou and Yinchuan showing
moderate negative correlations and exceedingly low positive correlations. This illustrates
the basin-specific differential pattern between levels of urban development and thermal
environments. From a watershed-scale temporal perspective, the correlation coefficients
between NTL and LST in the downstream cities of Jinan and Zhengzhou, as well as the
midstream cities of Taiyuan and Xi’an, demonstrate a significant upward tendency. This
illustrates the more robust beneficial influence of urban expansion on LST over time.
Although the correlation coefficient in upstream Xining exhibits an increase, its magnitude
remains constrained. Conversely, Lanzhou and Yinchuan have highly stable correlation
features, with their coefficients continually remaining at low levels.
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Figure 7. Spatial characteristics of standard deviational ellipses for NTL and LST in the seven core
cities of the Yellow River Basin (2003-2020).

Geometrically, the SDE parameters provide an intuitive measure of the spatial coupling
between NTL and LST. The Azimuth (R) indicates the primary trajectory of warming
relative to urban growth. Directionality (D) reflects the dominance of this linear trend.
Crucially, Dispersion (S) measures the degree of data scattering; a lower S value signifies
a tighter, more synchronous coupling between urbanization and temperature increases,
with fewer spatial deviations. Applying these metrics reveals distinct watershed-level
patterns directly associated with the phases of urban development. In the downstream
cities of Jinan and Zhengzhou, D progressively intensifies while S diminishes, with R
converging to the 76-81° range. This indicates that continuous urban expansion, population
and industrial clustering, and the proliferation of impervious surfaces drive a highly
synchronous, positive increase in LST. Similarly, the midstream cities of Taiyuan and Xi’an
show rising D and dropping S, with azimuths converging between 75° and 79°. Here, rapid
urban development and the incremental amalgamation of metropolitan areas reinforce a
strong, linear NTL-LST relationship.

Conversely, upstream cities exhibit weaker and more constrained coupling. Xining
shows reduced D and rising S, reflecting a growing but scattered thermal response to
expedited late-stage urbanization. Meanwhile, Lanzhou and Yinchuan display low D,
considerable S, and stable azimuths near 90°. Their scatter plots lack a discernible linear
trend because their urban thermal responses are largely constrained by natural factors,
specifically the river valley topography in Lanzhou and desert surface characteristics
in Yinchuan. This clear watershed-level distinction offers a scientific foundation for the
tailored management of urban thermal environments in the Yellow River Basin.
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Table 3. Relevant parameters of NTL and LST in the seven core cities of the Yellow River Basin
(2003-2020).

Standard Deviational Ellipse

Area Year Corre!a.tlon Cenjcral Directionality — Discreteness Azimuth
Coefficient Coordinates D) S) R )
(NTL, LST)
2000 0.376 *** (0.006, 0.489) 0.124 0.038 82.123
2005 0.566 *** (0.009, 0.376) 0.111 0.033 76.467
Jinan 2010 0.459 *** (0.021, 0.481) 0.122 0.062 67.103
2015 0.469 *** (0.016, 0.485) 0.127 0.044 77.85
2023 0.570 *** (0.018, 0.466) 0.15 0.033 80.612
2000 0.004 *** (0.002, 0.715) 0.17 0.03 89.96
2005 0.009 *** (0.003, 0.666) 0.173 0.028 89.918
Lanzhou 2010 0.005 *** (0.003, 0.712) 0.178 0.024 89.961
2015 0.029 *** (0.007, 0.669) 0.179 0.042 89.588
2023 —0.004 *** (0.012, 0.689) 0.177 0.05 90.066
2000 0.251 *** (0.008, 0.601) 0.143 0.052 83.671
2005 0.276 *** (0.013, 0.649) 0.139 0.064 80.123
Taiyuan 2010 0.335 *** (0.022, 0.608) 0.148 0.084 71.563
2015 0.404 *** (0.025, 0.555) 0.153 0.082 69.323
2023 0.559 *** (0.020, 0.526) 0.15 0.048 75.599
2000 0.204 *** (0.006, 0.571) 0.212 0.046 87.275
2005 0.313 *** (0.017, 0.546) 0.242 0.069 84.154
Xi’an 2010 0.388 *** (0.025, 0.614) 0.188 0.078 77.643
2015 0.419 *** (0.030, 0.547) 0.216 0.08 78.276
2023 0.527 *** (0.029, 0.491) 0.221 0.062 78.855
2000 0.178 *** (0.003, 0.392) 0.197 0.031 88.31
2005 0.338 *** (0.005, 0.467) 0.14 0.037 84.215
Xining 2010 0.356 *** (0.009, 0.431) 0.163 0.049 82.786
2015 0.315 *** (0.007, 0.484) 0.168 0.041 84.999
2023 0.404 *** (0.011, 0.479) 0.155 0.05 80.658
2000 —0.006 *** (0.003, 0.684) 0.192 0.028 90.052
2005 0.027 *** (0.006, 0.666) 0.207 0.039 89.701
Yinchuan 2010 0.004 *** (0.012, 0.627) 0.213 0.056 89.929
2015 —0.010 *** (0.010, 0.660) 0.2 0.039 90.12
2023 —0.013 *** (0.020, 0.652) 0.179 0.057 90.265
2000 0.470 *** (0.010, 0.485) 0.113 0.054 69.392
2005 0.602 *** (0.020, 0.463) 0.123 0.055 61.263
Zhengzhou 2010 0.588 *** (0.028, 0.463) 0.139 0.061 64.313
2015 0.530 *** (0.027, 0.558) 0.137 0.051 73.7
2023 0.624 *** (0.027, 0.537) 0.149 0.039 76.852

Note: *** indicates p < 0.001. While extremely low correlation coefficients such as the near-zero values observed in
Lanzhou and Yinchuan appear statistically significant due to the massive sample size, their actual effect size is
functionally zero.

3.2.2. Global Spatial Association Between Urban Development and Land Surface
Temperature

We employed the GeoDa (version 1.22.0.21) to compute the bivariate global Moran’s I
for LST and NTL in the core cities of the Yellow River Basin. The results (Table 4) indicate
substantial positive geographical correlations between LST and NTL in the majority of
cities, but weaker connections are seen in few instances. Jinan, Taiyuan, Xi’an, Xining, and
Zhengzhou regularly demonstrate positive Moran’s I value over all years, with p-values
under 0.001 and typically elevated Z-values, signifying robust geographic correlations

https://doi.org/10.3390/su18084141
201



Sustainability 2026,

18, 4141

between LST and NTL in these urban areas. Elevated NTL in specific places results in
increased LST in adjacent regions. This occurs due to thermal exchange between regions
with varying LST levels: an increase in NTL in a localized area initially elevates LST within
that region, and the heat is subsequently disseminated to adjacent areas via atmospheric
circulation and other mechanisms, ultimately resulting in a rise in LST in those surrounding
areas as well. Between 2000 and 2023, the bivariate Moran’s I value for these substantially
associated cities exhibited a generally increasing trend, signifying a persistent enhancement
of NTL's favorable impact on adjacent LST values.

Table 4. Bivariate Moran’s I statistical values of LST and NTL in the seven core cities of the Yellow
River Basin (2003-2020).

Area 2000 2005 2010 2015 2023
inan 0.3659 0.5416 0.4718 0.4505 0.5439
(38.6222) *** (56.4701) *** (54.3962) *** (47.7029) *** (56.7126) ***
Lanzhou —0.0016 0.0094 0.0032 0.03 —0.0019
(—0.166) (1.0933) (0.3537) (3.5422) *** (—0.2373)
Tatvuan 0.259 0.2817 0.343 0.3993 0.5463
y (21.7172) *** (25.6107) *** (30.7573) *** (34.046) *** (45.9199) ***
Xian 0.2048 0.3109 0.3907 0.4157 0.5207
(20.9258) *** (31.6861) *** (40.0767) *** (40.2347) *** (51.6933) ***
inin 0.178 0.3248 0.3479 0.3171 0.3931
& (16.2869) *** (28.5195) *** (29.1621) *** (28.4069) *** (34.8881) ***
Vinchuan —0.0153 0.0194 —0.0027 —0.0153 —0.0155
(—1.2619) (1.71) (—0.2615) (—1.389) (—1.3138)
Jheneghon 0.4369 0.5693 0.5715 0.513 0.6042
& (40.6205) *** (51.5682) *** (52.7212) *** (48.241) *** (53.7389) ***

Note: Values in parentheses are Z-test values; *** indicates p < 0.001.

In the case of Taiyuan, the Moran’s [ index was 0.259 in 2000 and increased to 0.5463 in
2023, indicating a substantial rise. Zhengzhou has constantly achieved a high level, increas-
ing from 0.4369 in 2000 to 0.6042 in 2023, firmly securing the top position among the seven
cities. This is due to the ongoing expansion of urban size during the urbanization process,
where spatial distribution has progressively transitioned from dispersed to continuous
and concentrated. As a result, the urban heat island effect in these cities has strengthened,
having a more significant warming impact on the surrounding environment. Furthermore,
the growth and densification of urban built environments have intensified the localized
effects of urban development on LST, hence accentuating the “spillover effect” of urban
regions on adjacent thermal environments [49]. This has resulted in a progressively robust
regional link between LST and NTL. The dual-variable Moran’s I and its variant exhibit
substantial differences among the seven cities. Zhengzhou and Jinan consistently exhibited
elevated levels, with Moran’s I attaining 0.6042 and 0.5439, respectively, in 2023; Taiyuan
and Xi’an closely trailed, recording values of 0.5463 and 0.5207, respectively, demonstrat-
ing significant growth; Xining, despite commencing from a low baseline of 0.178 in 2000,
progressively rose to 0.3931 by 2023.

The fundamental cause is that the disparities in spatial association between LST and
NTL are intricately associated with urban development patterns and natural geographical
characteristics. From 2000 to 2023, core cities in the Yellow River Basin demonstrated sub-
stantial disparities in their urban development paradigms. Throughout the urbanization
process in the middle and upper parts of the Yellow River Basin, urban development was
centered on adjacent regions, resulting in the swift and ongoing growth of built-up land.
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Zhengzhou and Xi’an had gains in building land of 86.57% and 127.14%, respectively, but
Taiyuan and Jinan recorded rises of 61.41% and 50.92%. The urban heat island effect has a
clear “agglomeration—diffusion” process spatially. The spatial distribution of NTL closely
correlates with variations in LST, resulting in a consistent rise in Moran’s I. Taking into
account urban development characteristics, the thermal environmental effects of urban ex-
pansion in these cities demonstrate distinct spatial transmissibility, whereby localized urban
sprawl significantly influences adjacent LST alterations. Conversely, Lanzhou'’s positioning
in the Yellow River valley, flanked by mountains to the north and south, restricts lateral
urban development. The metropolis displays a constricted, elongated distribution with
inadequate spatial continuity, obstructing the development of concentrated heat transfer
“spillover effects.” As a result, the geographic connection between NTL and LST is minimal.
Despite Yinchuan’s comparatively elevated urbanization rate, its urban development is
marked by challenges like fragmented industrial configurations and the conflation of built
environments with natural zones. As a result, the geographical distribution of NTL exhibits
a weak correlation with the heat island effect, leading to LST consistently demonstrating
little effects from NTL. The regional disparities in urban development resulted in notable
divergence in the dual-variable Moran’s I values for LST and NTL across the seven cities.

3.2.3. Local Correlation Between Urban Development and Land Surface Temperature

Bivariate local spatial autocorrelation and GWR analyses were performed on NTL and
LST in the core cities of the Yellow River Basin, producing LISA cluster maps (Figure 8), local
explanatory power maps derived from the GWR model (Figure 9) and spatial heterogeneity
maps of influencing variables (Figure 10), respectively. Owing to disparities in natural
circumstances and urban development patterns, their geographic distributions exhibit
significant variability while adhering to some fundamental principles. The bivariate
LISA analysis revealed distinct spatiotemporal evolutionary patterns for the four types
of local spatial clusters across the basin gradient. H-H clusters, predominantly located
in continuous built-up areas, exhibited an outward expansion, particularly in midstream
and downstream plains. In contrast, L-L clusters maintained long-term spatial stability
within upstream natural ecological zones. L-H clusters consistently characterized the
urban-rural transition zones at administrative boundaries, while H-L clusters, initially
scattered around urban green spaces and water bodies, significantly shrank over the study
period. These spatiotemporal dynamics and inter-city differences are deeply intertwined
with local physical drivers, as further elucidated by the GWR analysis below.

The GWR study indicates that the substantial quantity of zero values in the NTL
dataset, which pertains to underdeveloped or places with less human activity, may result
in distortions during model fitting. Consequently, this segment of the data was omitted to
preserve the scientific integrity of the research. Multicollinearity assessments indicated that
the variance inflation factors (VIF) for all independent variables varied from 1.6 to 3.2, with
an average of 2.3, significantly within the conventional threshold of 10. The conditional
indices varied from 8.5 to 21.7, with an average of 14.8, far below the conventional criterion
of 30. The model satisfies the modeling criteria, and the outcomes are dependable. To
further evaluate the localized performance and explanatory power of the GWR model,
the spatial distribution of the Local R? values for the core cities was mapped (Figure 9).
The Local R? values demonstrate the robust explanatory power of the model, particularly
in contiguous urban expansion areas. By 2023, the Local R? values in the built-up areas
of downstream and midstream cities exceeded 0.6, confirming that the selected variables
(NTL, DEM, and SLOPE) effectively capture the localized driving mechanisms of the
urban thermal environment. Building on this robust model performance, the subsequent
interpretation of LISA cluster features is derived from the local heterogeneity maps of

https://doi.org/10.3390/su18084141
203



Sustainability 2026, 18, 4141

impact factors for the years 2000 and 2023 (Figure 10). For the spatial visualization of these
GWR results, the local coefficients were strictly partitioned by a zero-value boundary to
accurately distinguish between positive and negative localized impacts, followed by a
sub-classification utilizing the Natural Breaks (Jenks) optimization method.
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Figure 8. Distribution maps of bivariate LISA for LST and NTL in the seven core cities of the Yellow

River Basin (2003—2020).
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Figure 9. Spatial distribution of Local values derived from the GWR model (2000 and 2023). Note:
Darker shades indicate higher local explanatory power of the variables for Land Surface Tempera-
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Figure 10. Spatial distribution of Geographically Weighted Regression (GWR) local coefficients in the
core cities of the Yellow River Basin (2000 and 2023).
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Between 2000 and 2023, the NTL coefficient in upstream cities consistently exhibited
low values with very slight increases. The terrain limitations indicated by the DEM and
SLOPE coefficients were consistent and significant. The H-H agglomeration area grew
gradually due to its low NTL coefficient and considerable topographical limitations, in
conjunction with ecological protection policy regulations. L-L clusters, situated within
natural functioning zones, demonstrate little human involvement. They exhibit significant
spatial uniformity between low NTL and low LST, with no spatiotemporal fluctuation. L-H
clusters were prevalent in transition zones of administrative boundaries, where localized
variations in DEM and SLOPE coefficients indicated intricate surface conditions. Their
low NTL coefficients demonstrated a geographic discrepancy with elevated LST in bare
land and dryland agriculture. H-L clusters are intermittently located around natural cold
islands such as river valley wetlands. The DEM and SLOPE coefficients offered topographic
reinforcement for the persistence of cold islands, maintaining their cooling impact and
averting total extinction.

As early as 2000, the NTL coefficient in midstream cities had attained a notably ele-
vated level. In regions with mild topography such as Xi’an and Taiyuan, the topographical
limitations indicated by the DEM and SLOPE coefficients were comparatively minimal,
and H-H clusters had started to display first continuous traits. Between 2000 and 2023,
the NTL coefficient had markedly risen, while terrain limitations, as seen by the DEM and
SLOPE coefficients, had further diminished. Urbanization propelled the extension of urban
development peripheries, and H-H clusters had a significant tendency for ongoing contigu-
ous expansion. L-L clusters demonstrated significant magnitude in 2000. In 2023, urban
development intensified, evidenced by a consistent increase in the NTL ratio concurrent
with the growth of building land. The underlying surface type changed from agricultural
and green areas to developed land, resulting in substantial modifications to the DEM and
SLOPE coefficients. As a result, L-L clusters consistently diminished and were supplanted
by H-H clusters. L-H clusters are consistently dispersed throughout overlapping zones
of administrative boundaries. Local differences in DEM and SLOPE coefficients created
urban-rural transition zones, preserving consistent low NTL and elevated LST attributes.
These locations exhibited no substantial difference from H-H clusters. H-L clusters rep-
resented a minor overall share. In 2000, they were dispersed sporadically in urban green
spaces and around water bodies. By 2023, the increased NTL coefficient induced urban
heat island spillover effects, resulting in a significant contraction of H-L clusters.

By 2000, the NTL coefficient in downstream cities had attained a significant level
over the whole basin. The DEM and SLOPE coefficients demonstrated mild topography,
promoting urban development, whereas H-H clusters are swiftly proliferating. By 2023,
the NTL coefficient had risen markedly, with H-H clusters demonstrating very continuous
distribution patterns. The period from 2000 to 2023 saw L-L clusters, once extensive in
suburban ecological areas, completely give way to H-H clusters following substantial
built-up expansion and changes in NTL and terrain coefficients. In contrast, L-H clusters
exhibited stability, maintaining a consistent presence at administrative boundaries. L-H
clusters demonstrated a temporal pattern oscillating between distinct patches and con-
nected clusters, since these borders frequently exist across urban-rural transition zones or
ecological-urban interstices. DEM and SLOPE coefficients provide topographic limitations
via isolated undulations, with minimal human interference. Subsurface attributes sustain
heightened LST, exemplifying a quintessential spatial discrepancy. H-L clusters, limited in
2000 to areas near artificial water bodies and urban greenspaces, were nearly eradicated by
2023 under combined NTL increases and heat island expansion.

In summary, from 2000 to 2023, the upper, middle, and lower sections of the Yellow
River demonstrated patterns of H-H cluster growth and an enhanced beneficial effect of
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NTL on LST. In the upstream region, multiple restrictions from biological and topographical
considerations provide long-term stability in L-L agglomeration. The H-H agglomeration
is confined to specific topographical contours, whereas NTL has a minimal impact on LST.
In the midstream transitional zone between mountains and plains, intricate terrain leads to
concurrent fluctuations in H-H and L-H agglomerations with urban development, resulting
in spatially varied NTL effects. Downstream plains facilitate developmental opportunities
via topographical characteristics, resulting in continuous human habitation agglomerations
where non-tariff barriers exert significant dominance.

4. Discussion and Conclusions
4.1. Discussion

This study examines the geographical correlation between nocturnal illumination and
land surface temperature, elucidating distinct link mechanisms between urban develop-
ment and the thermal environment across the Yellow River Basin. The downstream cities of
Jinan and Zhengzhou demonstrate improved positive correlations, whereas the midstream
cities of Taiyuan and Xi’an display variable increases. The upstream cities of Lanzhou
and Yinchuan show minor relationships. The driving mechanism demonstrates a clear
basin gradient pattern. Downstream areas are primarily driven by urban development
intensity as quantified by NTL, midstream regions display terrain driven synergies, and
upstream zones experience natural regulation. Prior research has established that geogra-
phy influences the spread of urban heat islands [48,50]. Downstream plain cities exhibit
heat island impacts owing to continuous growth, corroborating the conclusion that urban
agglomeration intensity positively correlates with heat island extent [51,52].

To explain the enhanced correlation in the middle and lower reaches, we hypothesize
a synergistic mechanism where unconstrained topography facilitates contiguous urban
expansion, thereby intensifying thermal spillover effects. The unconstrained plains in the
downstream and broad valleys in the midstream facilitated a transition of urban develop-
ment from dispersed patches to contiguous expanses. This shift is quantitatively reflected
by gains in building land, including 86.57% and 127.14% increases in Zhengzhou and Xi’an,
respectively. This continuous proliferation of impervious surfaces limits localized thermal
diffusion and triggers thermal spillover effects [47,53]. Our bivariate spatial autocorrela-
tion results support this macroscopic pattern, where the Moran’s I index for Zhengzhou
increased from 0.4369 in 2000 to 0.6042 in 2023 alongside the formation of continuous
clustering patterns. Consequently, land surface temperatures become sensitive to incre-
mental increases in urban intensity, leading to the enhancement of their linear correlation.
Conversely, to examine the natural background dilution effect observed in upstream cities,
we hypothesize that this regulation is context specific. While our spatial models quantified
topographical constraints, distinct local natural factors likely further regulate these thermal
environments; for instance, the combination of high altitude topography and sparse vege-
tation evapotranspiration restricts thermal accumulation in Xining [54]. In Lanzhou, strict
valley topography tightly constrains the urban configuration and fundamentally alters
local atmospheric diffusion conditions [55]. Furthermore, surface albedo and minimal
soil moisture from surrounding arid deserts influence Yinchuan [56]. These unquantified
natural backdrops and topographical constraints force a fragmented urban configuration
that fundamentally dilutes localized anthropogenic heat.

This study quantifies the geographical variability of urban development and land
surface temperature at the watershed scale, offering an analytical foundation for analogous
research in temperate semi-arid and semi-humid watersheds. Furthermore, it facilitates the
execution of ecological conservation policies in the Yellow River Basin by providing clear
direction for thermal environment management. A collaborative thermal environment
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management system based on watershed gradient zoning should be implemented. Instead
of a uniform approach, interventions must be context-specific for local urban planners. For
the downstream plain cities of Zhengzhou and Jinan, policies should limit horizontal urban
sprawl by promoting vertical development and mandating green infrastructure such as
green roofs and cool pavements in new developments. In the midstream cities of Xi'an
and Taiyuan, terrain-adaptive planning should be prioritized. This involves preserving
ecological ventilation corridors along river valleys and mountain passes to prevent dense
building clusters from blocking natural wind paths. For the upstream regions of Xining,
Lanzhou, and Yinchuan, spatial planning should focus on ecological boundaries and
maintaining natural land cover ratios such as regional wetlands and sparse vegetation to
sustain their natural background dilution capacities against anthropogenic heat [57]. This
framework provides spatial planning guidelines for thermal environment management
across the basin.

Nonetheless, this study presents several limitations that warrant further investigation.
First, the study relies on nighttime light as a holistic proxy for urban development. While
effective macroscopically, it lacks direct physical indices such as the Normalized Difference
Vegetation Index for green space ratios or building indices for building density. Second,
the temporal scope is limited to summer land surface temperature. Thermal environment
drivers exhibit significant seasonal variations since winter patterns are heavily influenced
by anthropogenic heating demands and snow albedo effects. Therefore, our NTL-derived
findings are constrained to the summer urban heat island effect. Third, despite rigorous
cross-sensor calibration using the Vegetation-Adjusted Nighttime Light Index, residual
uncertainties may remain when fusing different satellite datasets. Especially in upstream
cities with weaker initial lighting signals, this could introduce biases into long-term trend
analyses. Future research must address these gaps by incorporating seasonal compara-
tive analyses and multi-source high resolution physical datasets to refine urban thermal
environmental models.

4.2. Conclusions

This study systematically quantifies the spatiotemporal correlation between urban
development and land surface temperature across the core cities of the Yellow River Basin
from 2000 to 2023. Our primary finding reveals a significant downstream to upstream
gradient in both warming rates and the spatial correlation between nighttime light and land
surface temperature. This gradient is fundamentally driven by contiguous urban expansion
downstream, terrain and urban synergies midstream, and strong natural background
regulation upstream.

These findings are significant because they shift the research paradigm from isolated
and single-city thermal assessments to a holistic watershed-scale perspective. By explicitly
demonstrating how varied topographical and ecological constraints interact with urban-
ization, this research provides vital scientific support and actionable spatial planning
strategies. It helps regional planners to balance rapid urban growth with critical ecological
conservation under national watershed strategies.

Finally, while this study provides robust insights, it shares certain weak points. It is
primarily limited by its exclusive focus on summer land surface temperature, the absence
of direct micro-physical land cover indices like the Normalized Difference Vegetation Index
or three-dimensional building density in the spatial regression models, and minor residual
uncertainties from the cross-sensor calibration of long-term nighttime light data. Future
research must address these limitations by integrating seasonal comparative analyses,
particularly winter heating effects, and high-resolution physical drivers to further advance
the accurate modeling and management of urban thermal environments.
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Appendix A

Table Al. Pearson correlation coefficients between total Nighttime Light (NTL) and socio-economic
indicators in the seven core cities (2000-2023).

Correlation with

City Correlation with GDP (R) Population (R)
Jinan 0.972 ** 0.920 **
Zhengzhou 0.943 ** 0.968 **
Taiyuan 0.954 ** 0.964 **
Xi'an 0.959 ** 0.944 **
Lanzhou 0.951 ** 0.863 **
Yinchuan 0.929 ** 0.974 **
Xining 0.933 ** 0.921 **
Note: ** indicates significance at the p < 0.01 level.
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Figure A1l. Detailed five-year-interval Nighttime Light (NTL) classification maps of the seven core
cities in the Yellow River Basin.
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Abstract

The growing incidence of natural and man-made disasters, exacerbated by climate change,
has highlighted the role of urban planning and design in reducing the impact of the risks
they pose. This refers to pre-disaster recovery planning (PDRP), an innovative practice that
aims to improve the response of urban contexts affected by a disaster, with urban planning
actions implemented in peacetime, i.e., before the disaster occurs. This paper presents
a methodology that integrates agent-based simulation and safety-based urban design
within a sustainability-oriented urban planning framework. The methodology aims to
support the design of safer and more resilient public spaces, focusing on open areas within
heritage districts and operating within a sustainability-oriented urban planning framework.
The proposed approach integrates simulation and design to evaluate the performance of
existing spatial layouts under stress conditions and explore alternative configurations that
optimize evacuation dynamics and minimize risks. The result of applying the simulation to
the current urban context therefore allows for the identification of appropriate urban design
techniques and practices aimed at defining alternative spatial scenarios and improving the
urban form in terms of its evacuation performance.

Keywords: urban design; urban safety; evacuation planning; resilient public spaces;
sustainability-oriented

1. Introduction

The increase in the incidence of natural disasters due to climate change and urban
dynamics that continue to consume land puts the role of urban planning and design at
the center as a tool for reducing risk to humans. So-called Pre-Disaster Recovery Planning
(PDRP), an emerging practice that pursues prevention objectives through pre-disaster
preparedness, mitigation, and response capacity building, takes on a very important role.
It includes how to keep urban management and essential services functioning, where to
locate temporary housing, how and where to rebuild, how to reestablish essential economic
activities, etc. Communities can and must take measures before they are hit by a disaster to
ensure that the consequences of the disaster do not themselves become a disastrous and
chaotic situation [1-3]. In this perspective, pre-disaster planning can be interpreted as a
crucial component of sustainable urban development. Anticipating risk and integrating
safety into spatial transformation processes contributes to the long-term sustainability of
cities, reducing both environmental exposure and social vulnerability.
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This article describes the results of research in the field of PDRP, which aims to use
software to simulate crowd behavior during evacuation due to a disaster, to evaluate the
performance of the settlement (the system of open public spaces) and implement urban
design actions and interventions aimed at improving its urban form. This reduces urban
risk and consequently increases safety and resilience [4,5]. The research described in this
article therefore contributes to filling a significant gap in the scientific literature in the field
of prevention, namely that of Safety-Based Urban Design (UDS-b). In fact, there is very
little scientific research addressing the issue of urban design techniques for urban risk
reduction using simulation tools, i.e., how to modify and adapt the urban form to make a
neighborhood or city affected by natural or anthropogenic risks as safe as possible [6,7].

The research methodology can be summarized in six phases that are developed in
the context of an Urban Digital Twin (UDT): (1) the construction of the simulation tool;
(2) the identification of case studies on which to apply the tool from phase 1; (3) application
of the simulator; (4) definition of UDS-b techniques; (5) construction of alternative urban
scenarios aimed at risk reduction by applying the techniques from phase 4; (6) feedback
from the simulation to verify the improvement in urban performance in terms of risk.

At the heart of this methodology is a simulation environment developed using the
GAMA platform [8,9], which supports agent-based modeling of crowd behavior during
emergencies. The platform allows for detailed representations of the built environment,
crowd dynamics, and individual decision-making processes, making it particularly suit-
able for simulating evacuation scenarios triggered by catastrophic events such as earth-
quakes [10]. This simulation tool is integrated into a UDT that is being developed as
part of a broader research project and incorporates an in-depth knowledge system that
uses static and dynamic data (statistical and geographical data) with simulation tools (to
verify urban performance) and representation tools (scenarios/dashboards) [11]. From
a sustainability standpoint, the simulation-based approach supports the transition from
reactive emergency management to proactive and adaptive spatial governance. By com-
bining digital modelling, behavioural analysis, and design experimentation, the research
provides a decision-support tool for managing environmental hazards within a framework
of sustainable urban resilience.

This article is organized as follows. Section 2 reviews the relevant literature; Section 3
presents the materials and methods; Section 4 details the crowd-behavior simulator;
Section 5 describes the Atri historic-centre case study and data preparation; Section 6
reports and discusses the results for Scenario 0 and Scenario 1; Section 7 concludes with
implications and avenues for future research.

2. Literature Review

The field of research that characterizes the study presented in this article draws on
two major themes: (i) models and methods for simulating crowd behavior in the event
of evacuation; (ii) urban design techniques aimed at reducing the risk of evacuation and
consequently increasing urban safety and resilience.

In the first field, scientific literature highlights numerous experiences concern-
ing the study of models and algorithms, highly differentiated on collective human
dynamics [12-14] and very often concerning seismic hazards or fires. These studies use
approaches based on multi-agent models [10,15-18], in some cases using libraries for the
construction of the network model and the implementation of algorithms with databases
to store spatial data and map viewers to represent the simulation results [19,20]. There
are also experiences that implement simulation platforms. Alternatively, there is research
that implements and builds interdisciplinary simulation platforms that can be used in very
different contexts, not only for evacuation analysis and planning [9,21].
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Analysis of the scientific literature shows that simulation tools are developed mainly
for simulations inside buildings [22,23] and much less for open urban spaces [24-26]. These
tools are very often based on artificial intelligence applications [27].

Some studies focus on analyzing the risk of the road network by considering the
flow of people in ordinary and evacuation situations [28], analyzing, for example, the
connectivity of the network to identify the best routes in the event of a disaster [29,30] and
the performance of emergency areas during evacuation, shelters, or strategic facilities for
disaster response [31,32].

Other studies focus on data sources for modeling crowds, such as cell phones [23,33],
or explore crowd behavior models to be applied to simulation, such as panic, highlighting
the existence of a large body of research on this topic [17,24,25,34,35].

In the second field, urban design techniques aimed at risk reduction, scientific litera-
ture highlights few research experiences that link risk assessment, including evacuation
through simulation tools, to the study of urban form performance. For example, there
is research that evaluates this performance in relation to the location of shelters using
Geographic Information Systems (GIS) and agent-based computer models [6], or that in-
troduces new approaches to crowd management in relation to the contribution of urban
design [36] or to actively guide crowds [37]. Specific research topics use simulation results
to reorganize mobility infrastructure for evacuation [38,39]. Others attempt to identify
urban design techniques for risk reduction and flexible planning and management of urban
spaces, without evaluating the performance of urban form [7]. The research described
in this article refers precisely to this specific topic, i.e., the use of tools for evaluating the
performance of urban form aimed at risk reduction. In particular, the research focuses on
evaluating the performance of open public spaces as nodes in the evacuation and emer-
gency management network. A review of the scientific literature shows that there is a
lack of scientific research in this field, which our work aims to fill by studying a tool for
simulating crowd behavior whose application to an urban context allows us to assess its
performance in terms of evacuation risk following a disastrous event.

3. Methodology

As mentioned in the previous paragraphs, the objective of the research described in
this article is to define and apply a methodology aimed at applying a tool for simulating
crowd behavior during an evacuation due to a disastrous event to urban contexts of
various types and forms in various urban contexts, and consequently to apply urban design
techniques to the settlement structure based on safety and aimed at improving urban
performance for evacuation and thus increasing urban resilience. This work proposes
a general simulation-informed design procedure for outdoor public spaces, organized
as a simulate — design — re-simulate cycle. Spatial modifications are implemented as
parametric operators (opening/resizing of access points, removal of obstacles, reallocation
and sizing of assembly areas, wayfinding measures) and tested across multi-scale scenarios
with capacity constraints at the destinations. Performance is assessed with replicable
metrics (time to safety, cumulative share of people safe, density and bottlenecks), and
the marginal effect of each operator is estimated through replications and sensitivity
analysis, yielding quantitative feedback directly usable in design. Moreover, the procedure
acts as an evidence-based validator of civil-protection emergency plans by stress-testing
key parameters—such as assembly-area capacity and placement, and the effectiveness
of wayfinding—against simulated demand and pedestrian behavior. This represents a
scientific and methodological advance, since emergency planning is typically decoupled
from urban planning and the provision/configuration of public space often follows ad
hoc, preference-driven choices; our approach anchors those decisions in reproducible,
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model-based evidence. The method’s structure is independent of the case study and is
transferable to different contexts given the same basic inputs (walkable network, population,
assembly areas).

The methodology is divided into the following phases, which are developed in the
context of a UDT:

(1) The design and implementation of the software for the simulation tool.

(2) The identification and characterization of case studies to which the tool from phase 1
can be applied.

(38) The application of the simulator to the case studies to obtain the pre-project Scenario 0.

(4) The definition of UDS-b techniques for risk reduction.

(5) The assessment of urban risk and the construction of alternative urban scenarios (post-
project Scenario 1) aimed at risk reduction by applying the techniques of phase 4.

(6) Feedback from the simulation to verify the improvement in urban performance in
terms of risk.

The first phase concerns the development of the modeling environment. The open-
source GAMA platform was used, which supports spatially explicit agent-based sim-
ulations with customizable behavioral parameters [8,9]. Each agent within the model
represents a single actor with specific attributes, such as movement speed and decision-
making patterns, and can react dynamically to environmental stimuli and the behavior of
surrounding agents. Simulation scenarios are evaluated using a set of performance indica-
tors commonly adopted in evacuation studies. These include total evacuation time, average
and maximum crowd density in critical areas, and the percentage of agents reaching safety
within a defined time threshold. These indicators allow for quantitative comparison be-
tween baseline and optimized scenarios and provide empirical evidence to guide land-use
planning decisions [30]. To ensure the robustness of the model, validation procedures
include internal consistency checks, sensitivity analyses, and consultations with industry
experts. The second phase (Phase 2) involves identifying case studies and developing GIS
vector bases to be imported into the simulator (Phase 1) in QGIS open-source software
version 3.34, which models all urban elements, and particularly the system of open public
spaces useful for defining the evacuation network. The spatial model is constructed using a
combination of institutional and open access datasets. These include orthophotos and topo-
graphic maps for reconstructing the morphology of the site, vector data on buildings and
routes, and population estimates derived from institutional records and statistical sources.
This provides the basis for the pre-project Scenario 0. In Phase 3, the results of the Sce-
nario 0 simulation provide a diagnostic assessment of the site’s critical issues, highlighting
problem areas in terms of crowd congestion, insufficient capacity of emergency gathering
points (waiting or safety areas), or delays in individuals reaching safe areas. The behavioral
logic implemented in the model is based on established principles in evacuation science,
with particular attention to the influence of spatial constraints on pedestrian movement, as
explored in works such as Shiwakoti and Sarvi [35] and Wang et al. [17].

Based on the diagnostic results, Phase 4 involves the formulation of spatial interven-
tions, derived from UDS-b techniques, aimed at improving the evacuation performance of
the system. These interventions, designed within an integrated GIS and simulation envi-
ronment, may involve the repositioning or expansion of emergency areas, the modification
of pedestrian circulation routes, or the removal of spatial barriers that hinder exit. UDS-b is
linked to the identification of the urban risk that generates it and which is reflected in the
evacuation risk. In Phase 5, the post-project scenario is constructed by applying the UDS-b
to the existing urban structure with the aim of reducing both the evacuation risk and the
urban risk. The latter is an intrinsic characteristic of the urban organism and derives from
the combination of urban hazard with vulnerability and exposure. Once implemented, the
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new post-project scenario (Phase 5) is subjected to a second simulation (Phase 6), which al-
lows for a comparative assessment with respect to the baseline condition and thus provides
feedback information. This cyclical process, based on successive iterations of simulation
and redesign, allows for the progressive refinement of spatial solutions and the validation
of design choices through measurable indicators. Such a feedback cycle [4,24,40] is essential
for the transition from static, rule-based planning approaches to adaptive, performance-
oriented spatial design. In short, the methodology employs an agent-based evacuation
model. The environment is built from GIS layers: buildings as obstacles, a derived walk-
able network, designated safe areas with capacity (m?/person), and diffuse obstacles
(e.g., parked cars) that reduce effective width and free-flow speed. Agents (pedestrians) are
initialized from population/address points with heterogeneous speed, reaction time, and
route preferences. They navigate the pedestrian graph toward the nearest available safe
area; capacities are monitored, and agents dynamically reroute when an area saturates, or
local congestion emerges. Model outputs include (i) time series of safe-area occupancy and
saturation/clearance times and (ii) a georeferenced “crowdness” map highlighting highly
traversed segments and critical choke points. These outputs support comparative testing of
the current state (Scenario 0) versus design alternatives, enabling iterative, safety-oriented
adjustments to public-space configuration and safe-area provision.

4. The Crowd Behavior Simulator

The simulator is an agent-based environment implemented in GAMA and organized
around a compact set of species that encode the urban context and evacuation dynamics in
a spatially explicit way (georeferenced inputs, continuous space, discrete time). The design
follows established practice in evacuation ABMs—behavioral heterogeneity, congestion
effects, reproducible scenario management—and leverages GAMA'’s GIS-native modelling
and scheduling [8,9]. Each pedestrian is an autonomous agent with a bounded-rational
perceive—evaluate—act loop. Attributes include preferred speed, acceleration bounds, per-
ception radius, compliance, and noise terms. Route choice balances shortest-path ten-
dencies with density-aware re-routing and obstacle avoidance; social influence (herd-
ing/following) is parameterized rather than hard-coded to allow sensitivity tests against
behavioral assumptions reported in evacuation literature [12,41,42]. Motion controllers en-
force collision avoidance and density-dependent speed adaptation to reproduce bottleneck
saturation and flow nonlinearities [17]. Buildings are polygonal, non-walkable obstacles
that structure the urban fabric and constrain both visibility and movement. Scenario rules
may attach attributes (e.g., height/frontage) and debris buffers to reflect event-induced
hindrances that slow or divert flows, consistent with city-scale evacuation modelling that
explicitly treats open-space accessibility and barrier states [10]. The obstacle species covers
permanent impediments (fences, walls, closed gates) and temporary ones (narrowings,
works, debris). A light typology scheme governs whether an obstacle is hard (impassable)
or soft (speed penalty). Among soft obstacles, parked vehicles can be optionally ingested
via a shallow deep-learning detection on aerial/satellite imagery [43]; detected footprints
are vectorized and used to reduce effective corridor width along walkable surfaces, leaving
the behavioral engine unchanged [6]. Walkability is encoded as a pedestrian graph de-
rived from tessellated walkable polygons and centroid connections, supplemented by local
permeability rules. Agents move in continuous space but query this graph to compute
least-cost targets and trigger re-routing when link costs change (capacity usage, temporary
closures). Assembly areas (waiting/safety spaces) are target nodes with capacity constraints
and occupancy tracking for performance assessment [4]. A central scheduler advances
environment fields and agent steps; stochastic elements (departure delays, tiebreakers,
perception noise) are controlled by seeded streams to enable ensemble reproducibility and
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sensitivity analysis [42]. The simulator returns scalar metrics (total evacuation time, share
reaching safety at fixed horizons, peak/mean densities), time series (occupancy/evacuation
curves), and georeferenced raster/vector of cumulative footfall and congestion for be-
fore/after comparison in design iterations [4,8]. Bounded rationality is represented by finite
perception, decision tolerances, and network-constrained route choice. Multiple parameters
about agents’ behavior are defined. Agents perceive obstacles and peers within fixed radii
(P_obstacle_consideration_distance = 3.0 m, P_pedestrian_consideration_distance = 3.0 m), ac-
cept small target deviations (P_tolerance_target = 0.8), and may attempt a detour with prob-
ability P_proba_detour = 0.5. Movement follows the Social Force Model (SFM) provided by
GAMA with the parameter sets declared in the code: simple (P_A_pedestrian_SFM_simple = 4.5,
P_relaxion_SFM_simple = 0.54, P_gama_SFM_simple = 0.35, P_lambda_SFM_simple = 2.0,
P_n_prime_SFM_simple = 3.0, P_n_SFM_simple = 2.0). Desired speed is sampled from a
truncated normal distribution (gauss (3.6, 1.8) km/h, clipped to 3—4 km/h). Route choice
targets the nearest safe area along the pedestrian network, subject to capacity limits read
from the shapefile attributes (max_capacity).

These values are empirically grounded by accepted ranges in the pedestrian-dynamics
literature but are not fitted to site-specific trajectories. Accordingly, the model is used to
compare design operators and capacity configurations rather than to predict individual
routes. Validation is performed at the outcome level: (i) capacity consistency at assembly
areas (occupied slots vs. max_capacity exported in goals.csv), and (ii) plausibility of
spatio-temporal crowding patterns derived from the instant/history heatmaps.

5. Case Study

The case study focuses on the historic center of Atri (Abruzzo, Italy), a hilltop settle-
ment characterized by compact medieval fabric, narrow streets with variable cross-sections
and sharp curvature (Figure 1). This morphology, together with the prevalence of ma-
sonry buildings and tightly interlocked fronts, creates a highly constrained pedestrian
network where small variations in effective width or continuity can trigger disproportion-
ate congestion during emergency egress. The presence of a limited number of open public
spaces of adequate size—potential waiting or safety areas—further concentrates evacuation
demand along a few critical corridors, heightening sensitivity to local bottlenecks and
temporary impediments.

These spatial properties align with issues repeatedly documented in city-scale evacua-
tion studies, in which accessibility of open spaces and barrier states condition time-to-safety
outcomes. The knowledge base integrates institutional vector datasets (building footprints,
public space polygons, street fabric) with orthophotos and derived layers used to oper-
ationalize evacuation modelling. Buildings are represented as polygons with attributes
required by the simulator (e.g., height or frontage where available), while candidate emer-
gency safe areas are digitized and parameterized with conservative capacity assumptions.
Safe areas come from the Civil Protection Emergency Plan for the Municipality of Atri. A
conservative capacity was assigned to each designated waiting area by dividing its net
usable surface by 2.5 m? per person (as a precaution for the possibility that the crowd might
stay for a long time). This threshold, already adopted in previous assessments on size and
site selection of emergency assembly points [44], balances the need to prevent excessive
crowding with the operational requirement to accommodate short-to-medium stays during
post-event coordination (e.g., triage, information, redistribution). In the simulator, this
value becomes a hard capacity constraint: once instantaneous occupancy approaches the
computed limit, incoming agents are re-routed to alternative areas, and the resulting occu-
pancy trajectories are recorded for performance assessment. Table 1 shows safe area surface
and capacity calculated according to these parameters.
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Legend
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Figure 1. Aerial view of the area.

Table 1. Safe area dimension and capacity.

Safe Area Id Surface (m?) Maximum Capacity (People)
ATO0001 1984 794
AT0002 2177 871
AT0003 449 180
Total 4610 1845

Population proxies are associated with address points to define origins and initial
agent allocations. Number of residents for each address points were provided by the local
municipality in an excel table containing addresses and residents (e.g., “Street name and
house number, number of residents”). The table was imported in QGIS and geocoded using
MMQGIS plugin in order to generate georeferenced points in the case-study environment.
Walkability is encoded by deriving a pedestrian graph from the polygonal street fabric via
regular tessellation and centroid connectivity, preserving local permeability and enabling
shortest-path queries and dynamic re-routing during the simulation. Assembly areas are
treated as target nodes with capacity and occupancy tracking, while buildings function as
non-walkable obstacles that also shape visibility fields along the network. To reflect Atri’s
historically constrained cross-sections, a layer of soft obstacles is introduced, accounting for
localized reductions in effective width along key corridors. Among these, parked vehicles
are detected from recent aerial/satellite imagery through a lightweight deep-learning
workflow; detections are vectorized and used to apply segment-level width penalties
without altering the behavioral engine.

6. Results

The simulation framework is based on a set of general parameters that are consistent
across all case studies. These include: the total number of people evacuating from each
building and traveling to designated emergency assembly areas via the shortest available
route; the time taken to reach these areas; and the progressive occupancy rate of each
emergency zone over time. The simulation results are organized into two scenarios: the
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first (Scenario 0) corresponds to the current spatial configuration of each campus, while
the second (Scenario 1) reflects an optimized layout developed through the application
of UDS-b strategies. The simulation code was custom developed by the authors and
calibrated to ensure effective integration between the modeling environment and pre-
processed geospatial data in a GIS environment. These spatial data form the foundation
of the modeling process. At the end of each simulation, a georeferenced raster output is
generated that represents the level of crowding along the pedestrian routes used during
the evacuation. This output can be directly overlaid on the original spatial data to allow for
comparative and visual analysis.

6.1. Scenario O—Initial Conditions for Urban Performance

In the baseline configuration, as mentioned before, the historic center of Atri is mod-
elled with three designated waiting areas (AT0001, AT0002, AT0003). The spatial layer
visualizes and enforces both permanent barriers (building fronts, walls, fenced perime-
ters) and soft impediments along corridors (local narrowings, curvature-induced pinch
points, and parked vehicles vectorized from aerial/satellite imagery via a lightweight
deep-learning workflow), as recommended for credible city-scale evacuation assessment in
heritage fabrics (Figure 2).

Legend r

D Simulation

boundary

Crowdness
Max
~ Min

: Obstacle

~ (parked car)

Safe area
Bl Area

»” ° Centroid

Figure 2. Scenario 0: The results of applying the initial conditions (pre-project) of the simulation.
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These impediments are treated as non-walkable (hard) or penalized (soft) obstacles
and are rendered on the georeferenced outputs to make critical path constraints explicit
during analysis [5,10]. The occupancy trajectories of the three safe areas (Figure 3) show
differentiated uptake dynamics. AT0001 exhibits the fastest growth and reaches saturation
at approximately 4.38 min, after an inflection between 3—4 min; this rapid filling suggests a
favorable catchment and short access paths, but also signals a potential under sizing relative
to its demand basin. AT0002 follows a steadier trajectory, surpassing 60% around 3 min,
approaching ~98-100% by ~5.45 min, which indicates balanced accessibility with residual
tail effects likely linked to downstream corridor capacity. AT0003 displays a delayed onset
(near zero until roughly 2 min), a mid-course acceleration between 3-5 min, and completes
at about 5.83 min; the late start and long tail are consistent with longer approach routes
and sensitivity to localized narrowings highlighted in the obstacle layer.

120
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Safe area occupation (%)

40

20

0 1 2 3 4 4.38 5 545 5.83
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Figure 3. Scenario 0: safe area occupation over time.

These patterns—early saturation in proximal areas, steady but extended filling for
centrally located spaces, and delayed convergence for peripheral or poorly connected
spaces—mirror established findings on the interplay between open-space accessibility, cor-
ridor capacity, and temporary impediments in evacuation performance. Overall, Scenario 0
reveals (i) a high dependency on a limited set of feeder corridors, where mapped obstacles
concentrate congestion, and (ii) asymmetric demand among the three waiting areas, with
AT0001 absorbing arrivals quickly and AT0003 underperforming until impediments clear.
For Scenario 0, from a total of 2831 people, 986 can’t reach safe areas due to not sufficient
capacity. These diagnostics provide the evidence base for UDS-b adjustments in Scenario 1,
targeting corridor regularization, selective capacity rebalancing across the three areas, and
the mitigation of soft obstacles to shorten tails in the occupancy curves.

6.2. Scenario 1—Optimized Urban Performance Conditions

The simulation applied to Scenario 0 made it possible to identify critical issues for
evacuation and, consequently, critical issues in the structure and urban form that increase
risk. The aim of the research is therefore to precisely define the urban elements that deter-
mine these critical issues and to intervene on their form to reduce the risk. This intervention
takes the form of applying UDS-b techniques to urban contexts in Scenario 0 [45]. These
interventions aim to reconfigure and reorganize the system of open public urban spaces,
considered emergency areas, i.e., waiting or safety areas. This is done with the aim of
reducing the risk of evacuation and, consequently, the time required for it, and eliminating
the spatial obstacles that affect and make pedestrian flow critical.
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6.2.1. UDS-b Techniques and Their Application

Simulation of Scenario 0 allows us to identify critical issues for evacuation during
a specific disaster event. In our research, the simulation concerns a seismic event, but
other hazards such as floods or landslides are also being studied. It is important to note
that the GIS model of Scenario 0 is not only a representation of the current state of an
urban structure, but also includes obstacles to evacuation identified in a specific urban
risk study in two areas: (1) obstacles identified in an assessment of impediments caused
by urban elements (specific shapes, street furniture, etc.); (2) obstacles derived from an
analysis of the vulnerability of the built heritage, through which the possible damage to
this heritage is identified and, therefore, the obstacles caused by the probable fall of debris
or the opening of cracks. Debris are static and are generated from the buildings with the
highest vulnerability index. This data comes from the Municipality’s emergency plan that,
according to the Italian regulations on these topics, contains insights and evaluations on
built environment vulnerability. Obstacles identified with satellite images deep-learning
analysis are static as well. In this article, the measures envisaged for risk reduction (UDS-b)
refer only to the first field of study, obstacles. The table below (Table 2) is the result of a
collection of studies that consider both above fields and do not only provide a classification
of obstacles to evacuation but a complete collection of all factors that prevent evacuation.

Table 2. Risk factors for evacuation (revised from [45]).

Risk Factors for Evacuation References

1. Presence of direct or indirect obstacles

Stairs; Steep areas; Damaged pavement; Low grip paving; Curbs/absence of sidewalk

ramps; Ditches; Bumps; Unsafe or unstable retaining walls; Road embankment with a [45-50]
slope > 2/3 (34°), unstable or looming; Bulky street furniture; Fences, closed gates

Cul de sac [46,48]
Collapses [45,51-53]
Railroad crossings; Interfering building aggregates [45,46,49]

2. Emergency elements shape factor

Excessive curvature; Excessive number of turns/redundant grids; Exceeding escape
route capacity; Exceeding emergency area/open space/shelter/safe place capacity

[7,44,45,48 51-62]

3. Accessibility/Connection to emergency shelter

Exceeding critical isochrones; Connectivity factor [63]

4. Inefficiency of technological and road networks

Road works at risk (tunnels, bridges, overpasses, etc.) [30]
Path of technological networks unknown; Incomplete; technological networks [52,53,60]

(e.g., lack of telecommunications networks); Occluded technological networks

The risk factors for evacuation (Table 2) represent the structural elements and con-

ditions of a neighborhood or urban district (but also of the entire city) that prevent or
slow down evacuation during a disaster. It is these factors that UDS-b techniques act
upon, with the aim of reducing urban risk as defined at the beginning of Section 6.2.1
to acceptable levels as much as possible. These techniques, which are currently in the
classification and exemplification phase, aim to reduce or eliminate the effect of direct and
indirect obstacles (category 1 in Table 2), improve the accessibility and design of emergency
shelters (categories 2 and 3 in Table 2), and increase the efficiency of technological and road
networks (category 4 in Table 2). Scenario 1 described in the following section derives from
the application of these techniques.
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6.2.2. Safety-Based Redesign with Distributed Micro Safe Areas

Scenario 1 operationalizes a UDS-b technique that introduces a distributed system
of micro safe areas uniformly embedded within the historic fabric. Each new area is
parameterized with conservative capacity (net area/2.5 m? per person) and mapped to the
pedestrian graph as a target node, thereby shortening access distances and diversifying
feasible destinations for simulated residents. The obstacle layer remains active (permanent
barriers and soft impediments), but local routing pressure is rebalanced by increasing the
density of admissible refuge points across the center. The occupancy trajectories (Figure 4)
evidence a marked temporal dispersion of arrivals across nine safe areas (AT0001-AT0009),
with several micro areas saturating very rapidly (e.g., AT0006 ~ 1.4 min; AT0009 ~ 2.5 min;
ATO0007 ~ 4 min), while others stabilize at partial loads (AT0003 ~ 33%; AT0004 ~ 45%) and
only a few carries a longer tail (e.g., AT0005 approaching 100% near ~18 min). Compared
to Scenario 0—where three areas absorbed demand with early saturation and long residual
queues—the peak loads are redistributed, early local saturations occur closer to origins,
and plateau effects in mid-size areas indicate relief of corridor bottlenecks rather than
overflow. These dynamics are consistent with the expected benefits of increasing refuge
granularity in constrained fabrics: shorter egress paths, more balanced catchments, and
reduced competition on the same feeder links [64].

120
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N
3

0
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Figure 4. Scenario 1: safe area occupation over time.

The georeferenced “crowdness” maps for Scenario 1 (Figure 5) show attenuated hot
spots along the primary east-west spine and at previously critical junctions (Zooms 1-3). By
creating additional target nodes within one or two turns of most origins, the redesign breaks
up long, curvature-constrained corridors typical of the medieval network and limits the
build-up of density at choke points identified in Scenario 0. This spatial smoothing reflects
the coupling of behavioral re-routing with increased destination availability, a pattern
also emphasized in evacuation literature when open-space accessibility is improved [10].
Relative to Scenario 0, the micro-area strategy:

(1) Reduces average time-to-safety for residents closest to the added refuges (early, steep
occupancy curves).

(2) Lowers maximum corridor densities by distributing flows onto multiple short ap-
proach paths.

(3) Limits tail behavior to a small subset of areas influenced by terrain or residual
soft obstacles.

(4) Allows all citizens to reach safe areas.
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Figure 5. Scenario 1: Simulation results when applying post-project conditions.

These improvements substantiate the efficacy of UDS-b as a simulation-informed
intervention: modest, spatially even additions to the refuge system yield disproportionate
gains in evacuation performance (Table 3) without altering the behavioral engine or relaxing
obstacle constraints (Figure 6).

Table 3. Scenario 1 safe area dimension and capacity.

Safe Area Id Surface (m?) Maximum Capacity (People)
AT0001 2,480,124 992
AT0002 2,903,903 1162
AT0003 642,807 257
ATO0004 1,997,805 799
AT0005 967,085 387
AT0006 346,816 139
ATO0007 780,474 312
AT0008 268,536 107
AT0009 566,321 227
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Scenario 0

Figure 6. Scenario 0 and 1 zoom comparison.

7. Conclusions

This study presented a simulation-driven approach to UDS-b, coupling an agent-based
evacuation model with a geospatial representation of the historic centre of Atri in Italy. By
translating morphological constraints and soft impediments into operational inputs, the
framework quantified how modest spatial interventions—specifically, the introduction of
uniformly distributed micro safe areas—can rebalance routing pressure, shorten effective
egress distances, and dampen corridor bottlenecks. Methodologically, the contribution lies
in the tight integration of GIS-backed urban form, behaviorally plausible agents, and design
feedback cycles that convert performance diagnostics into spatial decisions. Substantively,
the results support the use of evacuation performance as a measurable criterion for PDRP
and the configuration of public space networks in heritage fabrics. The implementation is
intentionally minimal and comparative. Behavioral parameters are range-grounded rather
than site-fitted: desired speeds are sampled from a truncated normal, perception radii are
fixed, and movement follows GAMA’s SFM with the declared simple/advanced parameter
sets. “Herding” is not an explicit imitation term; it emerges from local interactions and
congestion within SFM and the network constraints. Decision-making is bounded via
tolerances and simple heuristics: agents target the nearest assembly area on the pedestrian
network, accept small target deviations, and may attempt detours with a fixed probabil-
ity. The model does not represent heterogeneity in compliance, learning, or information
broadcasting (e.g., dynamic guidance), and signage is not modelled as a dynamic stim-
ulus. Capacity at destinations is enforced through the max_capacity attribute read from
shapefiles, and occupancy is recorded. However, door/queue mechanics at exits are not
explicitly modelled and moving obstacles or vehicles are not active in the experiments.
The environment is static; hazards are not explicitly simulated. Validation is conducted at
the outcome level (capacity consistency at assembly areas; plausibility of instant/history
heatmaps) rather than through trajectory-level calibration, due to the unavailability of
micro-data. For these reasons, the model is intended for relative appraisal of design opera-
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tors and capacity configurations—i.e., to rank interventions and stress-test civil-protection
parameters—rather than to produce absolute, site-calibrated evacuation-time predictions.

With this case study, a safety-based urban design strategy that removes on-street park-
ing within the historic core to restore effective pedestrian width and reduce conflict points
during evacuations was explored. While this is framed as a “what-if” scenario—since
it presupposes the creation of peripheral public parking areas and associated access
management—it illustrates how strategic, network-scale interventions can measurably im-
prove responsiveness and resilience under natural-hazard conditions. By clearing stationary
vehicles, the public-space system becomes more legible and permeable, lowering congestion
risk, shortening clearance times, and increasing the robustness of route alternatives when
localized bottlenecks occur. This approach is inherently strategic rather than purely tactical:
it requires coordinated land-use decisions for replacement parking, staged implementa-
tion, and operational protocols for emergency alerts (e.g., temporary parking bans during
forecast windows). It also yields important co-benefits beyond emergencies—enhanced
walkability, improved public-realm quality, and reduced visual clutter—supporting the
everyday functioning and heritage value of historic centers. Our results should be read
as comparative evidence: the simulation indicates performance gains under specified as-
sumptions, but feasibility, equity implications, and stakeholder acceptance must be verified
through design development, mobility planning, and participatory processes. In this sense,
the Atri scenario serves as a transferable template for coupling evacuation performance
analysis with strategic public-space reallocation in historic urban fabrics. At this stage the
evacuation model is hazard-agnostic and represents the post-warning movement of pedes-
trians to designated safe areas. A specific earthquake (magnitude, intensity, duration) is not
simulated nor simulate endogenous damage, debris, or link failures. Debris, as explained,
is a static obstacle defined according to the elements contained in Emergency Plan of the
local municipality. Results should therefore be read as comparative evidence of how spatial
configurations influence evacuation performance, not as event-specific impact forecasts.

Future work will deepen behavioral realism and broaden operational scope along
four lines.

(i) Agent typologies and inclusivity: we will extend the population model to in-
corporate distinct “types” of evacuees—e.g., persons with mobility, visual, or auditory
impairments; children; older adults—assigning differentiated speeds, perception, assis-
tance needs, and decision heuristics. This will enable equity-aware evaluation of design
options and sensitivity tests on inclusive routing and refuge provision.

(ii) Real-time data and validation: building on the UDT architecture, we will integrate
near-real-time data streams (e.g., sensors, mobile telemetry, operational reports) to inform
boundary conditions, calibrate key parameters, and conduct progressive validation un-
der controlled drills or routine crowd conditions—addressing known gaps in empirical
grounding for evacuation ABMs.

(iii) Scalability and transferability: the pipeline will be applied to larger, denser
contexts—multi-district cores and metropolitan sub-systems—to test computational scal-
ability, robustness of behavioral modules under high loads, and portability of design
heuristics across varying urban morphologies and risk profiles.

(iv) Coupling the model with seismic fragility and ground-motion scenarios to
represent blockage, capacity loss, and time-varying pre-movement under shaking
and aftershocks.

These extensions will advance the framework from a decision-support prototype to
an operational toolchain for emergency planning and everyday urban design: capable of
accommodating heterogeneous populations, leveraging live data for model credibility, and
informing policy at scales ranging from historic districts to populous cities.
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Abstract

The National Recovery and Resilience Plan (NRRP) represents a transformative opportunity
to reduce territorial, gender and generational disparities in Italy. It plays an even more
important role for inner areas, which make up about three-fifths of the entire national
territory and require structural investment to improve infrastructure, social services and
access to healthcare services. This study aims to analyse the distribution of funds by project
type, and to develop a geostatistical analysis-based methodology to critically evaluate two
key aspects: the ability of small municipalities to access resources, and the effectiveness
of the funding programme in meeting the specific needs of inner areas. The developed
methodology consists of several steps aimed at collecting, standardising, geo-spatialising
and analysing data relating to NRRP funds. This methodology is then applied to a case
study of the Abruzzo region (Italy), which is considered particularly interesting due to its
physical, historical and socio-economic characteristics that make it particularly vulnerable
to natural disasters. The developed methodology consists of several steps aimed at col-
lecting, standardising, geo-spatialising and analysing data relating to NRRP funds. The
results of the spatial autocorrelation and cluster analyses were then overlapped and com-
pared with the internal areas defined by the National Strategy for Inner Areas (NSIA). The
outcomes reveal how investments interact with existing spatial planning instruments and
development strategies, underscoring the critical role of accessibility, infrastructure, and
public services in fostering equitable and sustainable regional development. The analysis
offers insights into addressing structural disparities and enhancing territorial cohesion,
with implications for policy alignment across multiple levels of governance.

Keywords: territorial transformations; National Recovery and Resilience Plan (NRRP);
inner areas; cohesion strategies; spatial statistics; cluster analysis

1. Introduction

The National Recovery and Resilience Plan (NRRP) has been, and continues to be,
an opportunity to address macroeconomic imbalances and reduce gender, territorial and
generational disparities that hinder economic growth [1]. It supports the National Reform
Plan (NRP) and is consistent with European economic governance, introducing a new
economic framework built around three strategic axes: digital transition and innovation,
ecological transition and social inclusion with territorial rebalancing. In line with the
six pillars of the Next Generation EU, the measures defined in the six missions of the
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NRRP correspond to these three strategic axes. The NRRP forms part of a wider European
initiative aimed at driving post-pandemic recovery while tackling persistent structural
imbalances, such as regional disparities and sustainability challenges [2].

This investment and reform framework aims to trigger transformative processes that
will reshape the current development model. These processes will encompass various as-
pects of social, productive and territorial structures [3]. These transformations are intended
to foster resilience and innovation, and address Italy’s uneven regional development. This
has historically impacted southern regions and inner areas the most [4].

Comprehensive assessment within the framework of spatial planning tools is re-
quired for physical interventions such as upgrading public facilities, enhancing territorial
healthcare services, developing infrastructure for sustainable mobility, implementing land
protection measures and strengthening territorial cohesion. The National Primary Health-
care System, for example, requires greater integration of digital technologies and improved
communication between hospitals and community healthcare providers [5]. There is also
a growing need to restructure the healthcare service network by enhancing accessibility
to public health services, particularly in marginal [6] and underserved [7,8] areas and by
strengthening outreach services.

The set of planned measures promotes a comprehensive reshaping of territorial sys-
tems. This is expected to have an impact on accessibility to services and infrastructure,
demographic trends, the evolution of settlement patterns and synergies with ongoing
development strategies and programmes. This multidimensional approach is consistent
with the Organisation for Economic Co-operation and Development’s (OECD) goals of
sustainable regional development, which emphasise the integration of social, economic
and environmental considerations [9]. Their effectiveness will be measurable over the long
term [10] and proportional to the expected impacts on economic growth, environmental
sustainability, and social cohesion [11].

The territorial transformations resulting from these investments should thus serve as
an opportunity to improve socio-economic and environmental conditions, particularly in
regions most affected by depopulation, socio-economic marginality and environmental
fragility [12].

Referring to these areas as regions that, in recent decades, have been disconnected
from urban-centred development models and are now experiencing marginalisation and
depopulation [13], the relevant Italian reference legislative framework is the National
Strategy for Inner Areas (NSIA). It stands as one of the most compelling examples of the
EU’s territorial cohesion goals [14]. Similarly to other European countries [15,16], the
ultimate goal of the NSIA is to guide development that minimises spatial imbalances and
fosters the effectiveness of policies and investments, tailored to the specific characteristics
of different territorial systems [17].

It is clear that the substantial funding provided by the NRRP is being directed to-
wards areas that are already highly complex and have had different policies in place
for several years. In some cases, these strategies have been prompted by emergency
events, such as major earthquakes, landslides and floods, as well as by disadvantaged
socio-demographic conditions.

This research critically explores the intersection between space and policies in the
implementation of Italy’s NRRP. It aims to address a relevant, emerging research question:

To what extent does the NRRP identify and address the needs of municipalities, paying
particular attention to those in the inner areas as defined by the NSIA?

In order to answer this question, two fundamental aspects must be critically assessed.

The first issue concerns the criteria and mechanisms for fund allocation, which di-
rectly determine the capacity of municipalities to access and manage these financial re-
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sources. Unequal or overly complex allocation processes may risk excluding smaller or
less well-resourced municipalities, reinforcing existing territorial disparities. Conversely, a
transparent and equitable distribution system can strengthen local governments’ ability to
invest in strategic projects, promote balanced territorial development and ensure that the
benefits of recovery and transition policies reach communities across the country.

The second issue relates to the extent to which the funding programme effectively
addresses the specific needs of inner areas. If the measures are not sufficiently tailored
to the structural challenges of these territories—such as demographic decline, limited
infrastructure and restricted access to essential services—there is a risk that resources will
fail to generate meaningful impact. On the other hand, a targeted approach that recognises
the unique socio-economic conditions of inner areas can enhance their resilience, foster
local development, and contribute to reducing long-standing territorial imbalances.

The spatialization of the projects envisaged by the NRRP represents a crucial first
step in establishing a comprehensive assessment framework [18]. It enables the in-depth
analysis necessary to evaluate consistency not only with the NSIA but also with other
spatial governance instruments adopted at various scales to address broader objectives—
such as national strategies for sustainable development [19] and climate change adap-
tation. In this context, this article focuses on the case study of the Abruzzo region,
analysing the distribution of the funding allocated to each municipality within the different
NRRP missions.

Cluster analysis was used to analyse the data and identify patterns of similarity and
difference in the distribution of projects and funding. These results were then overlaid with
the boundaries of inner areas. A comparison with the NSIA classification of municipalities
provided further insights.

The study analysed the territorial distribution of funds in the Abruzzo region to
investigate how territorial cohesion policies reflect—and sometimes reproduce—spatialised
forms of power and unequal development strategies.

2. The Case Study

Abruzzo is a region in central Italy characterised by a complex polycentric structure,
including urban poles and rural areas, industrial districts, a touristic coastline characterised
by phenomena of territorial coalescence and mountain environments markedly affected
by depopulation [20]. Covering a wide range of physical, historical and socio-economic
environments, it is overall a region that is highly vulnerable and exposed to natural
disasters [21], socio-economically vulnerable and poor in infrastructural endowments [22].

Two disruptive earthquakes (in 2009 and 2016) worsened the already stagnating eco-
nomic performance, and the pre-existing conditions of marginalisation posed a significant
challenge to the reconstruction process. However, the large amount of funds that came
in during the post-earthquake phase constituted an uncommon opportunity to establish
transformative patterns of development, cooperation and innovation [23]. Of the funds
allocated for reconstruction, 68 municipalities in the region received investment during
the two earthquake events. As is the case for much of the national territory, the regional
territory is characterised by small municipalities that make up the inner areas, for which
particular recovery and regeneration strategies are being implemented. In fact, the Abruzzo
region has seven inner areas covering 139 municipalities, accounting for almost 46% of the
total (Figure 1).

According to the 2023 Annual Report of the Italian National Statistics Institute
(ISTAT) [24], Abruzzo region experienced a 3% population decline between 2011 and
2022, with an ageing population and a sharp drop in birth rates, especially in the inner
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areas. In these regions, people aged over 65 make up more than 25% of the population,
with some small towns reaching up to 30%.

Study area: Abruzzo region

Surface: 10,831 km?
Population: 1,269,963 inh.
Provinces: 4

Municipalities: 305

It has 7 inner areas
involving 139 municipalities (almost half of the total)

covering an area equal to 45% of the total surface
Pescara

68 municipalities are in the 2009 and 2016 crater areas.
Municipalities that are affected by NRRP complementary
founds for earthquake areas (NextAppennino)

Chieti

Gr'ar'l' 53550
Valle Subequana

Legend

Inner areas of the Abruzzo region Municipalities border
Basso Sangro - Trigho Municipalities of the crater
. . 2 2009 and 2016
Piana del Cavaliere Valfino-Vestina 2016
Alto Liri? [2] Valle del Sagittario e Other municipalities
7% dell'Alto Sangro

0 2 [ Piana del Cavaliere

7 Valle'del Sagittario e 7 Alto Liri

~ dell'Alto Sangro [Z3 Valle del Giovenco
i Valle Roveto

2 Alto Atemo

Gran Sasso Laga 0 10 20 30km
[] Gran Sasso

Valle Subequana I

Figure 1. Study area with the identification of the seven inner areas and the municipalities of the
2009 and 2016 crater areas.

The situation is being exacerbated by the negative migration balance, which is mainly
due to the outmigration of young people to cities or other Italian regions.

Socio-economically, coastal and urban areas such as the cities of Pescara, Chieti,
and Teramo exhibit greater dynamism thanks to the boost from sectors such as tourism,
services and industry. In contrast, the inner areas continue to suffer from chronic economic
stagnation, linked to traditional sectors such as agriculture and crafts, which have been
hit hard by competition and a lack of modern infrastructure [25]. According to ISTAT
data, the unemployment rate in the inner areas is higher than the regional average, with
youth unemployment exceeding 30%. The NSIA aims to reverse the socio-economic
decline in Italy’s inner areas by improving access to services, promoting local economic
development, and fostering social cohesion. However, the 2023 Annual Report reveals
that these policies have achieved only limited success to date. The future impact of the
NSIA will depend largely on the capacity of these inner areas to attract investment and
develop infrastructure that fosters innovation and growth, which are critical for long-term
socio-economic revitalization.

The NSIA plays a crucial role in regions such as Abruzzo, where the pronounced
territorial disparities between coastal and inner areas have had a negative impact on
the social and economic fabric. The inner areas of the Abruzzo region have historically
experienced de-population, geographical isolation and limited economic opportunities.
The NSIA aims to address these issues through a comprehensive multi-sector approach.
Its significance lies in fostering balanced and inclusive territorial development, not merely
through the financing of individual projects, but by advancing a broader strategic vision
designed to reduce inequalities and create long-term cohesion across regions. The NSIA
aims to create better living conditions for those residing in these areas by improving access
to essential services (healthcare, education, transportation) and fostering new economic
opportunities based on innovation and the utilisation of local resources. This will help to
curb depopulation and reverse socio-economic decline.
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In Abruzzo’s inner areas, the actions of the NSIA address specific issues such as lim-
ited access to public services, an ageing population, and structural difficulties in attracting
investment. The strategy aims to revitalise these areas, not only economically, but also
in terms of improving the quality of life, strengthening social cohesion and promoting
territorial resilience. Interventions such as strengthening digital and transport infrastruc-
ture are essential for reducing the gap with more dynamic urban areas, while supporting
local entrepreneurship can create new jobs in traditional sectors such as agriculture and
sustainable tourism.

For the NSIA in Abruzzo to be successful, it must be able to coordinate interventions at
local, regional and national levels, involving both public and private actors. As highlighted
in the 2023 ISTAT Annual Report, the effectiveness of territorial cohesion policies will
depend largely on these areas’ ability to attract resources and capital, and on the active
participation of local communities in decision-making.

The NSIA represents an essential tool for the revitalization of Abruzzo’s inner areas. It
is a sustainable development perspective that addresses the root causes of socio-economic
problems, seeking to create a more inclusive and prosperous future for these communities.
In this context, the challenge launched by the NRRP could represent a paradigm shift in
the management of these areas and how their strategies are defined.

3. Materials and Methods
The applied methodology comprises three main steps:

e  Dataset building concerning the distribution of NRRP projects in the Abruzzo region
among its 305 municipalities, which constitute our sample;

e An autocorrelation analysis was carried out to verify whether the amounts financed
for each mission aggregate spatially;

e A cluster analysis was performed to investigate whether contiguous areas within the
sample of municipalities pursued the same investment strategy.

Figure 2 shows a methodological scheme that summarises the entire process.

Dataset 1 Dataset refinement:

NRRP Localisation Projects not attributable to

I

2 I
specific territorial units |
I

I

OpenData
Catalog
ReGiS

Projects concerning areas
larger than the Abruzzo region

Projects submitted by
Dataset 2 private entities

NRRP Project

oy i = S S

Spatial analysis

\

Autocorrelation analysis Cluster analysis
LISA K-means

| !

Municipal allocation Cluster map of the
of total funds NRRP funding for each
across the mission for every
five NRRP missions cluster of municipalities

Analysis of results in relation to
the national strateqy for inner
areas-NSIA (2021-2027)

Figure 2. Methodological framework.
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3.1. Dataset Building

The dataset is derived from the Open Data Catalogue, which is updated monthly in
ReGiS [26], the information system developed by the Italian Ministry of Economy and
Finance to ensure compliance with public works monitoring requirements. In particular,
it includes the entire structure of the NRRP, enabling the precise display of measures,
responsible parties and financial resources, as well as the monitoring of progress on each
project in relation to national and European milestones and targets, and the characteristics
of individual measures (e.g., climate and digital tags).

As part of this work, the data included in datasets 1 and 2 (NRRP Localisation and
NRRP Project, respectively) were analysed and spatialized. Dataset 1 contains the following
information for each project: the unique submission code, the project code (CUP), the local
project code, the reference municipality with the province and address indicated and
the date on which the data was last updated. Dataset 2, on the other hand, contains
the following information for each project: the unique submission code, the CUP, the
local project code, the NRRP Mission (hereafter referred to as “M”), the specific mission
component (hereafter referred to as “C”) and the total amount of funding. Furthermore,
dataset 1 encompasses a greater number of projects than dataset 2, as a single project may
span multiple locations (municipalities, provinces, regions or territorial areas).

For example, if a project with a unique CUP has been developed in four municipalities,
dataset 1 will contain four rows, one for each municipality, with the CUP and local project
code repeated. Dataset 2, on the other hand, will contain only one row with the CUP and
the total funding provided by the project (as well as other information).

The two datasets contain different information and combining them makes it possible
to link the funding of each project to its respective municipality, thus enabling the data to be
visualised spatially. In fact, dataset 2 contains no information about the spatial extent of the
project (municipality, region, province or other extent), whereas dataset 1 does. To achieve
this, a biunivocal correspondence (one-to-many) was established between the CUP and
the local project code. This double condition was necessary because the database contains
multiple CUPs for different municipalities. Merging the two datasets returns a third dataset
in which several critical conditions occur that will be resolved as follows:

e The total project amounts are repeated with the CUPs for the several different mu-
nicipalities included in each project. To overcome this limitation of the union and
avoid overestimating total project funding, it was assumed that the amount would be
divided equally by the number of municipalities involved in the project in all cases
where reference to the municipalities was explicit.

e  For projects referencing a province but indicating all municipalities, funding was
divided among all the municipalities belonging to the relevant province.

e  In cases where the project does not appear to have an impact on specific municipalities,
it has been eliminated entirely as it cannot be associated with a spatial dimension. One
example is the project concerning the establishment of additional scholarships for the
general medicine course.

e  Projects referring to spatial extensions covering the whole nation, ministries, regions
(without referring to municipalities), provinces and sub-territorial areas were elimi-
nated and not considered in the database for analysis.

e  All projects related to M3 (Infrastructure for Sustainable Mobility) were excluded from
the analysis because they are nationally important projects relating to the modernisa-
tion and safety of rail and road networks (e.g., High Speed Rome—Pescara, Speeding
up Pescara—Foggia—Brindisi, interventions along the A24-A25).

The analysis reveals the building of a dataset which, for each municipality in the case
study, systematically organises information on the number of projects funded and the
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corresponding NRRP funds received, broken down according to the different missions and
specific components.

3.2. Autocorrelation Analysis

Spatial autocorrelation is a geostatistical technique used to analyse the spatial dis-
tribution of a variable across contiguous geographical areas and to evaluate local effects
and clusters [27].

Based on the idea that data can be affected in terms of both geographical shape and
spatial proximity and the values attributed to the same units, Tobler developed this method
of jointly analysing the spatial behaviour of the analysed variable and what happens in
its proximity [28].

In particular, it is useful to detect hotspots, i.e., high values accumulation areas,
as well as cold spots, i.e., low values accumulation areas [29], assuming that space
is homogeneous [30].

Since spatial autocorrelation analysis helps to understand whether spatial units have
similar properties, this paper applied the Local Indicators of Spatial Association (LISAs),
to measure local spatial autocorrelation among the municipalities of the Abruzzo region.
The variable used was the total amount of money allocated to each of the five missions of

the NRRP.
The LISAs index is calculated as follows:
(xi —x) ¢
=52y (wy(%- X)) M
st 5

where represents the number of statistical units (i.e., the 305 municipalities of the Abruzzo
region), x; is the analysed variable in region i (i.e., the total amount of money for each
mission), X represents the sample average, $2. is the standard deviation and represents the
weight matrix.

When running LISAs, the GeoDA (ver. 1.22.04) software also enables several specifica-
tions to be selected, including distance options, number of permutations and significance
values [31].

Performing this analysis in the GIS environment allows us to take advantage of a
spatially explicit decision support tool [32-34] showing the interrelationships between
municipalities focusing on their applications for each NRRP mission. In particular, it is
possible to detect five different situations:

e  The hotspots (High-High), when high amounts of money and high levels of similarity
with the nearby municipalities are observed;

e  The cold spots (Low-Low), when low amounts of money and low levels of similarity
with the nearby municipalities are observed;

e High-Low cluster, when high amounts of money occur with low levels of similarity
with the nearby municipalities;

e  Low-High cluster, when low amounts of money correspond to high levels of similarity
with nearby municipalities;

e  The municipalities not belonging to any of the above clusters do not show significant
values of spatial autocorrelation.

3.3. Cluster Analysis

A cluster analysis was performed on the same dataset within the sample of the
305 municipalities of the Abruzzo region to verify whether similar strategies were pursued
for project funding by the NRRP in different areas.

238



Sustainability 2025, 17, 8644

In particular, a cluster analysis was conducted by means of k-means [35], an unsu-
pervised algorithm aimed at dividing a data sample into k clusters in such a way that
within each cluster, the maximum degree of similarity is obtained and, at the same time,
the maximum degree of dissimilarity between elements belonging to different clusters
is obtained [34,36]. The algorithm, run over a configurable number of iterations, begins
by randomly selecting k centroids and then assigns each element in the sample to the
nearest centroid based on a Euclidean distance criterion [37]. At the end of each iteration,
the average of the points assigned to the specific cluster is taken as the new centroid; the
process then continues by convergence of the centroids.

A key element in executing the analysis is choosing the number of clusters, which is
usually proportional to the size of the population in the original dataset. For the purposes
of this study, it has been arbitrarily set at seven, which strikes a balance between minimising
the overall variance and representing the spatial distribution of the obtained clusters.

4. Results

The project dataset update period for the Abruzzo region varies between 24 October
and 11 November 2023. The dataset consists of 6537 projects distributed among all the
missions for a total funding amount of EUR 1922 million.

As can be seen from Figure 3a, most of the projects concern interventions aimed
at the digitalisation of Public Administrations (PAs) (M1C1: 2240 projects) through the
strengthening of the adoption of the PagoPA platform services and the IO application, the
enhancement of the adoption of the national digital identity platforms and the National
Registry and the adoption of the Digital Civil Service and cloud enablement.

(a) Number of projects per measure component

%’ % ég . M1 - Digitalisation, innovation, competitiveness, culture and tourism
Yy s (:’/'——’_\ {\VCL' B M1 C1- Digitalisation, innovation and security in Public Administration
. ,{7) ¥ W M1 C2 - Digitalisation, innovation and competitiveness in the production system
° “@, we? W M1 C3- Tourism and Culture 4.0
. . M2 - Green revolution and ecological transition
y ., G B M2 C1- Sustainable agriculture and circular economy
\ 7 //:_1(\ ' M M2 C2- Energy transition and sustainable mobility
& 4 R B M2 C3 - Energy efficiency and building requalification
N ‘ M—— Ty B M2 C4- Protection of land and water resources

. M4 - Education and Research

b) Sum of Amounts Financed per measure component . X . .
(b} i i B M4 C1- Enhancement of education services from pre-schools to universities

z r;-; o B M4 C2- From research to enterprise
v w < .
(qpa— NS ¢V
4 y \Vf . M5 - Inclusion and cohesion
<
CJ/ 4") " B M5 C1- Employment policies
[ ] 1 C
.‘-:"’ \” G B M5 C2 - Social infrastructure, families, communities and the third sector
. B M5 C3- Special Interventions for Territorial Cohesion
M2c4
. 4
s %, M6 - Health
\ k / ", M6 C1- Proximity networks, facilities and telemedicine for territorial health care
. M6 C2 - Innovation, research and digitisation of the National Health Service

Figure 3. Overview of the (a) number of projects funded in the Abruzzo region and (b) allocation of

funded amounts, by missions (Ms) and components (Cs).

In terms of funding, however, the M2C4 projects are the most substantial, with a total
budget of EUR 491 million (Figure 3b) for 1424 projects. In fact, they are projects that
require large investments because they involve protecting portions of the territory with
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respect to water resources. Most of them concern investments in water infrastructure and
the irrigated agro-system, with the aim of achieving sustainable management of water
resources. Other projects focus on measures for flood risk management and reducing
hydrogeological risks.

Of particular interest are the 202 projects and the total funding of EUR 175 million for
mission M6, which focuses on health. This includes the construction of proximity facilities
and telemedicine networks for territorial healthcare, as well as innovation, research and
digitization of the National Health Service.

Of the collected dataset, 246 projects were not taken into account for the following
reasons: they were not directly attributable to specific territorial units, they concerned areas
larger than the Abruzzo region, the financing requested by private activities (hotels or
B&Bs) was small, as well as other reasons. These projects cover a total of EUR 766 million
in financing.

The first step of the applied methodology involves allocating the funding amounts
for each NRRP mission to municipalities. As the aim of this paper is to interpret this
data in the context of the NSIA, the initial analysis focused on understanding the dis-
tribution of these amounts among the seven inner areas planned for the 2021-2027
programming period.

As can be seen from Figure 4, all inner areas have invested mainly in M2, with values
reaching EUR 23 million in ‘Gran Sasso Valle Subequana’, almost EUR 29 million in “Valfino
Vestina” and over EUR 35 million in ‘Basso Sangro Trigno’.

NRRP investments for each mission
Inner areas 2021-2027 by each inner areas (2021-2027) (in million of euros)
Basso Sangro - Trigno
Gran Sasso - Valle Subequana

Valle del Giovenco - Valle Roveto Basso Sangro Trigno Gran Sasso Valle Subaquana Valle del Giovenco Valle Roveto
Alto Atemo - Gran Sasso Laga M1 M1 N!l
30 30 30
Valfino-Vestina )
Pii del Cavaliere - Alto Liri 20 2 N
A val M6 10 M2 M6 10 M2 M6 1o M2
Valle del Sagittario e dell'Alto Sangro Bar: T~ g 3
Teramo Other municipalities
Alto Aterno
Gran Sasso Laga s \ / \
g M5 M4 M5 M4 M5 M4
Valfino-Vestina Jice=ar
I’ Aquila - Chieti AltoAterno Gran Sasso Laga Valfino Vestina Piana del Cavaliere AltoLiri
w2 M1 M1 M1
Gran Sasso 0y 30 30 30
Valle Subequana f 20 20 2
M6 10 M2 M6 - 10 . M2 M6 1 M2
. M5 M4 M5 M4 M5 M4
Piana del Cavaliere
Alto Liri Basso Sangro - Trigno
2 Valle del Sagittario e dell'Alto Sangro
Valle del Giovenco
Valle del Sagittario e M1
Valle Roveto - 30
dell'Alto Sangro 2

M6 0 M2

M5 M4

Figure 4. Overview of the spatialisation of NRRP funds by mission considering inner areas planned
by the NSIA for the 2021-2027 programming period.

The “Valle del Giovenco Valle Roveto” area has a budget for expenditure that is evenly
distributed between M2, M4 and M5.

Almost all inner areas spent on all missions. The only exception is the “Valle del
Sagittario e dell’Alto Sangro” area, where the number of projects (and consequently the
amount allocated) on Mission 6 is zero.

The results of the autocorrelation analysis, carried out to verify whether the amounts
financed for each mission aggregate spatially, and of the cluster analysis, performed to
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investigate whether contiguous areas pursued the same investment strategy for project
funding by the NRRP, are set out below, according to the methodology set out in Section 3.

The autocorrelation analysis (Figure 5) highlights the dichotomy between the cost
areas and the municipalities in the hinterland of the province of L’Aquila. In fact, there
is an area centred around the provincial capitals of Pescara and Chieti, including smaller
municipalities, which emerges as a high-high cluster with respect to all NRRP missions.
Conversely, it is clear that the inner municipalities are having difficulty applying for projects
and making use of the resources offered by the NRRP. The municipality of L’Aquila is also
included in the high-low cluster for three out of five missions, meaning it has invested
much more than the surrounding municipalities.
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Figure 5. LISAs cluster map obtained considering the overall amounts related to each mission.

Figure 6 shows the result of the cluster analysis carried out on the basis of the invest-
ments for each NRRP mission. The first cluster, the largest, includes 270 municipalities
whose investments exceed EUR 1 million only for Mission 2, with an average investment
of approximately EUR half a million.

The second cluster includes 20 municipalities that invested between EUR 1.6 and
4.7 million on all five missions, with a preference for M4.

Cluster 3 invested more than EUR 17 million in Mission 5, around EUR 3.7 million in
Missions 2 and 4 and around EUR 1.3 million in Missions M1 and M6.

The fourth cluster is characterised by spending ranging from EUR 2 million for M1 to
EUR 22.8 million for M2, with an average value of around EUR 10 million. It comprises four
municipalities, three of which are along the coastal strip, with only one in the hinterland.

Cluster 5 is made up of the two provincial capitals Teramo and Pescara, which invested
over EUR 10 million in each mission, with a maximum of about EUR 31 million in M5.

Cluster 6 is the regional capital (L’Aquila), which has invested about EUR 91 million
in M4, EUR 53 million in M2, EUR 45 million in M5, about EUR 33 million in M6 and only
EUR 5 million in M1. Its average investment is more than EUR 45 million.

Finally, the last cluster (Cluster 7) is made up of the city of Chieti alone, which invested
mainly in Missions 4 (more than EUR 47 million) and 5 (around EUR 39 million), with a
minimum of EUR 2.5 million for M1.

241



Sustainability 2025, 17, 8644

Average NRRP investments for each mission by each
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Figure 6. Overview of cluster analysis results. Radar charts represent the amounts of funding for
each mission for every cluster of municipalities.

5. Discussion

The developed methodology and the related findings allow us to draw discussions
and implications concerning two main points related to structural funding programmes.

Firstly, the relevant role of the criteria and methods used to allocate funding emerges.

Overly complex or unequal processes risk excluding smaller municipalities and deep-
ening territorial disparities. Our findings in fact confirm what was recently highlighted
by the European Investment Bank [38], the fact that smaller municipalities—especially
those in less-developed marginal areas—face persistent and multi-faceted barriers in ac-
cessing public funding. The scientific literature also outlines that a significant number
of local governments report that a lack of funding and complex regulatory procedures
significantly hinder their capacity to invest in critical infrastructure, including climate
actions. Shortages of technical and environmental expertise [39] further compound this
problem. Additionally, smaller municipalities frequently lack the administrative capacity
and in-house expertise necessary to manage funding applications, a barrier highlighted by
the OECD as detrimental to smaller public entities undertaking EU-funded projects [38].
Bachtler et al. (2014) [40] reinforce these findings, showing that capacity gaps in small and
rural municipalities also risk amplifying regional disparities by concentrating resources in
larger urban centres better equipped to navigate funding systems. Another concern deals
with citizens’ engagement, with a general lack of municipal attention to civic participation,
and warns that large-scale, multi-level funds may risk undermining social equity [41].

While rapid decision-making is recognised as synonymous with efficiency,
Raco et al. (2018) [42] call for the need to have “slow cities” in order to better
respond to funding opportunities with processes oriented to more sustainable and
long-term perspectives.

In other words, evidence suggests that the good intentions for rethinking social pro-
tection and fostering innovation of funding programmes are not enough. Their success
hinges critically on how funds are managed at the local level, how projects are imple-
mented and the ability of local authorities to access funding and convert it into benefits
for communities [43].
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Notable examples of successful outcomes include the Bando Borghi initiative launched
by the Italian Ministry of Cultural Heritage and Activities’ (MiBACT), which channelled
NGEU resources towards the sustainable recovery of mountain villages and inner areas [44].
Also, in Greece, the Recovery and Resilience Facility (RRF) funding was the main driver
to reform urban policy and introduce Local Urban Plans and Special Urban Plans, aimed
at tackling traffic congestion, environmental degradation and loss of green spaces, while
promoting sustainable mobility and climate resilience [45].

Conversely, in Germany, even with equal funding, disparities emerged in the imple-
mentation of local climate policies, stemming from differences between the local adminis-
trations tasked with managing the resources [46].

The findings of this study corroborate a trend of pronounced heterogeneity in the
allocation of NRRP funds among municipalities in the Abruzzo region. The territorial
distribution of projects across different NRRP measures appears to be shaped less by the
substantive needs of local contexts—such as infrastructure provision, service availability
and risk mitigation—than by the administrative capacity to access funding and formulate
project proposals.

The second issue concerns whether the funding programme adequately addresses the
specific needs of inner areas. In this context, we consider the Italian NRRP, which is closely
aligned with the 2021-2027 Cohesion policy framework. The NRRP represents an unprece-
dented opportunity to strengthen the capacity of the Italian public administration [47],
bring about significant changes to development dynamics [48] and lay the foundations
for building resilience, especially in fragile territories [49]. However, the effectiveness of
these investments in inner areas must be considered in the context of a polycentric spatial
organisation in need of widespread intervention. This context is characterised by significant
structural fragility [20]. Moreover, these areas are affected by long-term depopulation, an
ageing population, weak institutions and a lack of capital. This unfavourable concomitance
of factors also negatively affects resilience to sudden shocks [50], as regretfully proven
during the 2016 earthquake.

The many specific characteristics of inner areas outlined above mean that the effec-
tiveness of investments in responding to specific needs must be evaluated in a spatially
explicit way. As pointed out by [51], this becomes even more relevant when measuring
the changes financed against the pursuit of sustainable goals. Currently, however, it is
difficult to spatialise the data made available on the e-gov website. This is because it is
challenging to disaggregate investments [52] and in trace them back to where they will
result in change [53].

From the perspective of the NRRP’s expected impacts, the results offer several points
for discussion. Although the NRRP recognises the importance of the expected impact on
social, economic and territorial cohesion, it pays little attention to the effects on citizens’
well-being compared to economic growth [11]. However, there is a high risk that structural
limitations, related to reform capacity and resource absorption, will prevail. In addition,
the new highly centralised governance structure could cause implementation problems, as
sub-national actors have been marginalised, contradicting European indications [54].

The announced paradigm shifts to opportunities for inner areas under the NRRP
have not yet occurred and apparently will not take place. In fact, the clusters overlapping
the seven inner areas of Abruzzo demonstrate that little investment has been made in
projects, almost nullifying the chances of revitalisation. Another relevant factor is that
the percentage of the population over 65 living in inner areas is generally higher than the
national and regional average [55,56].

In these areas, therefore, there should be a strong interest in expanding care facili-
ties for the elderly and dedicated medical services [57], i.e., everything summarised in
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M6 of the NRRP, which is designed to reform the healthcare system by redesigning its
territorial network [58].

In contrast, very few projects concerning M6 were submitted by municipalities in
the inner areas: only 11 out of 139 municipalities did so. This often reflects a lack of
the resources and skills needed to participate in complex calls for proposals, resulting in
a ‘windfall effect’ that favours a few municipalities with the necessary expertise. This
situation highlights the lack of an efficient territorialization of the NRRP, both at national
level, with clear differences between north and south [51], and inside individual regions [59].
The capacity to calibrate interventions on the basis of the social and physical characteristics
and specific needs of territories, or “territorialisation”, appears to be lacking. Not all
contexts require the same priorities, such as digitalisation or widespread healthcare, nor
do they have the same capacity to reap long-term benefits from investments. Without
long-term benefits, an intervention is inevitably in danger of failing. Failures can also
be generated by the sheer complexity of the NRRP measures and by the extremely long
timeframes for implementing the interventions [49], which risk misrepresenting their real
function. For example, the NRRP has incorporated other already active programmes
such as those on the quality of living (National Innovative Programme for the Quality of
Living—PinQua) whose principles and objectives do not exactly reflect what is contained
in the various measures. Regarding the Abruzzo region, the impact of the 2009-2016
Earthquake Areas Supplementary Fund under Macro measure B “‘Economic and Social
Revival’ of the National Plan for Complementary Investments to the NRRP is significant.
While complementary funds play a fundamental role, when they are incorporated into
NRRP measures, they risk losing their original purpose of reconstruction. This also de-
naturalises the recovery and resilience interventions envisaged by the various NRRP
measures. Consequently, while the NRRP enabled funding to be increased for existing
programmes and plans, it also distorted its original objectives.

Another mismatch between demand for investment and requirements relates to the
protection of land against hydrogeological risks. This is one of the key interventions under
the mission on the Green Revolution and Ecological Transition (Mission 2 Component
4), which receives the largest share of funding from the NRRP at the national level—
approximately EUR 69 billion [60].

Although inner areas constitute fragile territories [61] characterised by a high-level
hydrogeological risk [62], not all inner areas of the Abruzzo region benefit from substantial
investment in this funding line.

6. Conclusions

The novelty of this research lies in its spatial interpretation of the findings derived
from a critical analysis of fund distribution in inner areas. As with most spatial analyses,
it is inevitably affected by the edge effect, since the influence of neighbouring territories
cannot be entirely accounted for during the clustering process. This limitation could be
addressed in future studies by either broadening the spatial scope to include adjacent
regions or employing interscalar approaches that consider cross-border interactions.

The analysis highlights the complex relationship between national programming and
local development strategies, underscoring the political implications of how public re-
sources are territorialized. It also raises critical questions about the transformative potential
of infrastructure policies in promoting territorial cohesion and addressing structural im-
balances. Although GDP or other direct economic indicators were not explicitly included,
the study engaged with the economic dimension by examining inner areas, which are
structurally disadvantaged in terms of accessibility, demographic trends and economic
vitality. NRRP investments in these territories are therefore intrinsically linked to their

244



Sustainability 2025, 17, 8644

potential for socioeconomic development. A recent JRC study [63] confirms the systemic
impact of these instruments, estimating that the RRF mobilises around 4% of European
GDP and generates direct and indirect effects in all Member States, with Italy among the
main beneficiaries thanks to investments in the green and digital transition. In this context,
the results of the analysis suggest that the distribution of NRRP resources should not be con-
sidered simply as a financial allocation, but as part of a broader framework where spatial,
economic and political dimensions intersect to shape patterns of territorial marginality and
development opportunities.

The NRRP, in its original conception, does not seem to fully address the real chal-
lenge: ensuring compatibility between economic development, employment, welfare and
environmental sustainability [64]. Simply stimulating GDP growth without introducing
radical innovations in production technologies and consumption models risks exacerbating
territorial inequalities and environmental vulnerability, without ensuring an equitable
distribution of benefits. A territorial approach, on the other hand, makes it possible to
assess whether investments are targeted at those sectors and supply chains capable of
generating quality employment and local resilience.

In particular, the results obtained for the Abruzzo region indicate that the effectiveness
of the allocated NRRP investments may be compromised, especially in the long term, by
the way in which these resources have actually been implemented. This finding reinforces
the observation of [65], according to which local capacity building and support for policy
makers are priority areas for the allocation of funds, constituting a necessary step to enable
local administrators to invest in a targeted manner, responding to the specific needs and
characteristics of their territories. In this framework, the methodology proposed in the
study is designed as a decision support tool, providing detailed geospatial information
useful for the construction of territorial planning and governance strategies, helping to
guide investment policies in a way that is more in line with local characteristics and needs.
Future developments in the research aim to deepen the analysis beyond the distribution
and territorial allocation of funds to explore the extent to which the NRRP is effectively
integrated with the Sustainable Development Goals (SDGs). In particular, an important
step will be to map investments across the different dimensions of the SDGs—such as
clean energy, resilient infrastructure and sustainable communities—and to assess their
effectiveness through targeted indicators, including their ability to contribute to reducing
regional disparities. More detailed data at the municipal level and cross-cutting approaches
that simultaneously consider economic, social and environmental variables will be essential
to carry out these analyses.

Author Contributions: Conceptualization, A.P., L.S. and L.F; Methodology, A.P, LS. and L.F;
Software, A.P; Formal analysis, L.S. and L.E,; Investigation, A.P,, L.S. and L.F,; Data curation, A.P;
Writing—original draft, A.P, L.S. and L.F,; Writing—review and editing, A.P, L.S. and L.F.; Supervi-
sion, L.F. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article. The original contributions
presented in this study are included in the article. Further inquiries can be directed to the
corresponding author.

245



Sustainability 2025, 17, 8644

Acknowledgments: The authors would like to express their sincere gratitude to Giovanni Domenico
Di Girolamo for his invaluable support in managing and reorganising the primary data. His technical
expertise and meticulous work in refining the datasets contributed significantly to the accuracy and
robustness of the analyses presented in this study and were essential in facilitating the development
of the methodological framework.

Conflicts of Interest: The authors declare that they have no known competing financial interests or
personal relationships that could have appeared to influence the work reported in this paper.

References

1. Sciortino, A. L'impatto del Pnrr Sulle Diseguaglianze Territoriali: Note Introduttive. Riv. Assoc. Ital. Dei Cost. 2022, 3, 2039-8298.

2. European Commission. Recovery Plan for Europe—European Commission. Available online: https://commission.europa.eu/
strategy-and-policy /recovery-plan-europe_en#documents (accessed on 11 December 2024).

3. Crupi, F. Programmazione Economica e Organizzazione Territoriale. PNRR, Nuove Strategie e Strumenti per Citta Inclusive,
Sostenibili e Resilienti. In Urbanistica Informazioni; INU edizioni: Roma, Italy, 2023; pp. 190-192.

4. Viesti, G. Riusciraa Il PNRR a Rilanciare I'Italia? Donzelli Editore: Roma, Italy, 2023; p. 131.

5. Sheehan, J.; Laver, K.; Bhopti, A.; Rahja, M.; Usherwood, T.; Clemson, L.; Lannin, N.A. Methods and Effectiveness of Communica-
tion Between Hospital Allied Health and Primary Care Practitioners: A Systematic Narrative Review. J. Multidiscip. Heal. 2021,
14, 493-511. [CrossRef] [PubMed]

6.  Filippini, T.; Vinceti, S.R. Italian National Recovery and Resilience Plan: A Healthcare Renaissance after the COVID-19 Crisis?
Acta Bio Medica Atenei Parm. 2021, 92, 2021463. [CrossRef]

7. Parjanen, S.; Hyypid, M. Innovation Platforms as a Solution to the Proximity Paradox. Eur. Plan. Stud. 2018, 26, 1312-1329.
[CrossRef]

8. Sola, A.G.; Vilhelmson, B. Negotiating Proximity in Sustainable Urban Planning: A Swedish Case. Sustainability 2018, 11, 31.
[CrossRef]

9.  OECD. A Territorial Approach to the Sustainable Development Goals: Synthesis Report; OECD Urban Policy Reviews; OECD Publishing:
Paris, France, 2020.

10. Tocci, G. Enhancement of Italian Small Towns and the National Recovery and Resilience Plan: The Experience of Smart Villages.
In Eastern Europe and the Mediterranean Basin “Come Back Home”-Abstracts Book; IARC-ETQA Publishers: Lyon, France, 2023; p. 52.

11.  Pilati, M. National Recovery and Resilience Plans: Empowering the Green and Digital Transitions? European Policy Centre EPC:
Brussels, Belgium, 2021.

12.  Bonavero, F; Cassatella, C.; D’Errico, L. La Sfida Della Compatibilita Ambientale: Piani, Strategie e Strumenti per Attuare La
Sostenibilita e La Resilienza in Citta Metropolitana Di Torino. Urban. Inf. 2023, 306 s.i., 53-54.

13.  Rossitti, M.; Dell’ovo, M.; Oppio, A.; Torrieri, F. The Italian National Strategy for Inner Areas (SNAI): A Critical Analysis of the
Indicator Grid. Sustainability 2021, 13, 6927. [CrossRef]

14. Cotella, G.; Vitale Brovarone, E. The Italian National Strategy for Inner Areas: A Place-Based Approach to Regional Development.
In Dilemmas of Regional and Local Development; Routledge: London, UK, 2020; pp. 50-71. [CrossRef]

15. Medeiros, E. European Union Cohesion Policy and Spain: A Territorial Impact Assessment. Reg. Stud. 2017, 51, 1259-1269.
[CrossRef]

16. Rosik, P; Stepniak, M.; Komornicki, T. The Decade of the Big Push to Roads in Poland: Impact on Improvement in Accessibility
and Territorial Cohesion from a Policy Perspective. Transp. Policy 2015, 37, 134-146. [CrossRef]

17.  Asprogerakas, E.; Zachari, V. The EU Territorial Cohesion Discourse and the Spatial Planning System in Greece. Eur. Plan. Stud.
2020, 28, 583-603. [CrossRef]

18. Marchigiani, E. Regenerating Cities through Spatialized Social and Health Welfare. Learning from Microareas in Trieste. Territorio:
972021, 2, 31-41. [CrossRef]

19. Cowell, R.; Owens, S. Governing Space: Planning Reform and the Politics of Sustainability. Environ. Plan. C Gov. Policy 2006, 24,
403-421. [CrossRef]

20. Compagnucci, F.; Morettini, G. Improving Resilience at the Local Level: The Location of Essential Services within Inner Areas.
Three Case Studies in the Italian Marche Region. Reg. Sci. Policy Pract. 2020, 12, 767-793. [CrossRef]

21. Marin, G.; Modica, M.; Paleari, S.; Zoboli, R. Assessing Disaster Risk by Integrating Natural and Socio-Economic Dimensions: A
Decision-Support Tool. Socio-Econ. Plan. Sci. 2021, 77,101032. [CrossRef]

22. Bonfiglio, A.; Coderoni, S.; Esposti, R.; Baldoni, E. The Role of Rurality in Determining the Economy-Wide Impacts of a Natural
Disaster. Econ. Syst. Res. 2021, 33, 446—469. [CrossRef]

23. Di Giovanni, G. Post-Earthquake Recovery in Peripheral Areas: The Paradox of Small Municipalities” Reconstruction Process in

Abruzzo (Italy). Ital. ]. Plan. Pract. 2016, 6, 110-139.

246



Sustainability 2025, 17, 8644

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.
36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

ISTAT. Rapporto Annuale 2023, La Situazione Del Paese; Istituto Nazionale di Statistica: Roma, Italy, 2023.

Porta, A.; Segre, G.; Arauzo-Carod, ].M. The Italian National Strategy for Inner Areas: First Insights from Regions’ Specialization
in Cultural and Creative Industries. In Clusters in Times of Uncertainty; Edward Elgar Publishing: Cheltenham, UK, 2024; pp.
240-261. [CrossRef]

Localizzazione Dei Progetti Del PNRR. Available online: https://www.italiadomani.gov.it/content/sogei-ng/it/it/catalogo-
open-data/localizzazione-dei-progetti-del-pnrr.html (accessed on 11 October 2024).

Sui, D.Z. Tobler’s First Law of Geography: A Big Idea for a Small World? Ann. Assoc. Am. Geogr. 2004, 94, 269-277. [CrossRef]
Tobler, W.R. A Computer Movie Simulating Urban Growth in the Detroit Region. Econ. Geogr. 1970, 46, 234. [CrossRef]

Lin, Q.; Zhang, L.; Qiu, B.; Zhao, Y.; Wei, C. Spatiotemporal Analysis of Land Use Patterns on Carbon Emissions in China. Land
2021, 10, 141. [CrossRef]

Tang, X,; Li, C.Z,; Jiang, L.; Lai, X.; Zhang, L. A Spatial Autocorrelation Analysis for Land Use Change in the Guangdong-Hong
Kong-Macao Greater Bay Area. In International Symposium on Advancement of Construction Management and Real Estate; Springer
Nature: Singapore, 2022; pp. 847-858. [CrossRef]

Hughey, S.M.; Kaczynski, A.T.; Porter, D.E.; Hibbert, J.; Turner-McGrievy, G.; Liu, J. Spatial Clustering Patterns of Child Weight
Status in a Southeastern US County. Appl. Geogr. 2018, 99, 12-21. [CrossRef] [PubMed]

Sung, C.H.; Liaw, S.C. A GIS Approach to Analyzing the Spatial Pattern of Baseline Resilience Indicators for Community (BRIC).
Water 2020, 12, 1401. [CrossRef]

Vigani, M.; Khafagy, A.; Berry, R. Public Spending for Agricultural Risk Management: Land Use, Regional Welfare and Intra-
Subsidy Substitution. Food Policy 2024, 123, 102603. [CrossRef]

Wang, Y,; Yang, Z.; Yu, M,; Lin, R.; Zhu, L.; Bai, F. Integrating Ecosystem Health and Services for Assessing Ecological Risk and Its
Response to Typical Land-Use Patterns in the Eco-Fragile Region, North China. Environ. Manag. 2023, 71, 867-884. [CrossRef]
Hartigan, J.A. Clustering Algorithms; John Wiley & Sons Inc.: Hoboken, NJ, USA, 1975; ISBN 047135645X.

Wu, Y.-E; Fa-you, A.; Yang, C.; Yan, S.; Kang, X. Accuracy Improvement of Different Landslide Susceptibility Evaluation Models
through K-Means Clustering: A Case Study on China’s Funing County. Math. Probl. Eng. 2023, 2023, 2913890. [CrossRef]
Arthur, D.; Vassilvitskii, S. K-Means++: The Advantages of Careful Seeding. In Proceedings of the Annual ACM-SIAM
Symposium on Discrete Algorithms, New Orleans, LA, USA, 7-9 January 2007; pp. 1027-1035.

European Investment Bank. The State of Local Infrastructure Investment in Europenull; European Investment Bank: Beograd, Serbia,
2021.

Pasquini, L.; Shearing, C. Municipalities, Politics, and Climate Change: An Example of the Process of Institutionalizing an
Environmental Agenda Within Local Government. J. Environ. Dev. 2014, 23, 271-296. [CrossRef]

Bachtler, J.; Mendez, C.; Oraze, H. From Conditionality to Europeanization in Central and Eastern Europe: Administrative
Performance and Capacity in Cohesion Policy. Eur. Plan. Stud. 2014, 22, 735-757. [CrossRef]

Neidig, J.; Anguelovski, I.; Albaina, A.; Pascual, U. Multi-Level Finance Impacts on Participation, Inclusion, and Equity: Bricolage
and Fuzziness in NextGenerationEU-Funded Renaturing Projects. Environ. Sci. Policy 2024, 156, 103753. [CrossRef]

Raco, M.; Durrant, D.; Livingstone, N. Slow Cities, Urban Politics and the Temporalities of Planning: Lessons from London.
Environment and Planning C: Politics and Space 2018, 36, 1176-1194. [CrossRef]

Petmesidou, M.; Branco, R; Pavolini, E.; Gonzalez Begega, S.; Guillén, A.M. The EPSR and the Next Generation EU: Heralding a
Reconfiguration of Social Protection in South Europe? Soc. Policy Adm. 2023, 57, 497-512. [CrossRef]

Bigiotti, S.; Costantino, C.; Marucci, A. DECISION-MAKING TOOLS FOR SUSTAINABLE RECOVERY OF RURAL VILLAGES:
PLANNING POLICIES AND IMPLEMENTATION STRATEGIES FOR VALORISING SMALL COMMUNITIES IN INNER AREAS
UNDER THE NEXT GENERATION EU PROGRAMME. WIT Trans. Ecol. Environ. 2024, 262, 479-494. [CrossRef]

Vassi, A.; Siountri, K.; Papadaki, K.; Iliadi, A.; Ypsilanti, A.; Bakogiannis, E. The Greek Urban Policy Reform through the Local
Urban Plans (LUPs) and the Special Urban Plans (SUPs), Funded by Recovery and Resilience Facility (RRF). Land 2022, 11, 1231.
[CrossRef]

Kammerer, M.; Zeigermann, U. Managing Climate Impacts—An Analysis of Adaptation Funding in German Cities and Districts.
npj Clim. Action 2025, 4, 76. [CrossRef]

Polverari, L.; Piattoni, S. The Italian National Recovery and Resilience Plan and Administrative Capacity: A Real Game Changer?
Riv. Ital. Di Politiche Pubbliche 2022, XVII, 169-189. [CrossRef]

Ottone, V,; Barbieri, M. Research & Innovation Policy in the Italian NRRP: An Evalutation of Emerging Challenges for Multi-Level
Governance. Contemp. Ital. Politics 2022, 14, 409-423. [CrossRef]

Urso, G.; Modica, M.; Faggian, A. Resilience and Sectoral Composition Change of Italian Inner Areas in Response to the Great
Recession. Sustainability 2019, 11, 2679. [CrossRef]

Pendall, R.; Foster, K.A.; Cowell, M. Resilience and Regions: Building Understanding of the Metaphor. Camb. J. Reg. Econ. Soc.
2010, 3, 71-84. [CrossRef]

247



Sustainability 2025, 17, 8644

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

D’Adamo, I.; Rossi, E.N. Impact of Regional Investment on the Sustainable Development Goals: A Group Analysis of Economic
and Territorial Development. Sustain. Dev. 2025, 33, 1816-1834. [CrossRef]

D’Andrea, S.; Silvia, D.; Di Bartolomeo, G.; D’'Imperio, P.; Giancarlo, I.; Mara, M. Structural Reforms in the Italian National
Recovery and Resilience Plan A Macroeconomic Assessment of Their Potential Effects. Government of the Italian Republic
(Italy), Ministry of Economy and Finance, Department of the Treasury Working Paper No. 2. Available online: https://ssrn.com/
abstract=4546997 (accessed on 11 September 2025).

Di Bartolomeo, G.; D'Imperio, P.; A Macroeconomic Assessment of the Italian National Recovery and Resilience Plan. Department
of the Treasury Working Paper No. 2, March 2022. Available online: https://ssrn.com/abstract=4405861 (accessed on 11
September 2025).

Domorenok, E.; Guardiancich, I. The Italian National Recovery and Resilience Plan: Coordination and Conditionality. Contemp.
Ital. Politics 2022, 14, 191-206. [CrossRef]

Dastoli, P.S.; Pontrandolfi, P. Methods and Tools for a Participatory Local Development Strategy. Lect. Notes Netw. Syst. 2022, 482,
2112-2121. [CrossRef]

Lanza, G.; Pucci, P,; Carboni, L.; Vendemmia, B. Impacts of the COVID-19 Pandemic in Inner Areas. TeMA—]. Land Use Mobil.
Environ. 2022, 2, 73-89. [CrossRef]

Musso, E; Angioni, M. Quale Modello Di Senior Cohousing per La Popolazione Delle Aree Interne. AEA Inf. 2022, 2022, 11-39.

Iodice, M.; Carini, E.; Scotellaro, M.; Martini, L.; Cosentino, M.; Roscio, G.; Borghini, A.; Mantoan, D. Territorial Coordination
Centres and Telenursing: Innovation and Digitalisation of Home Care in Italy. Eur. J. Public Health 2023, 33, ckad160-1214.
[CrossRef]

Fregolent, L.; Savino, M.; Beria, P.; Pucci, P.; Cellamare, C.; Franco, E.; Tamini, L. PNRR e La Grande Trasformazione Del
Paese/PNRR in Materia Di Infrastrutture e Mobilita: Tra Investimenti e Riforme/PNRR: Rigenerazione Urbana e Housing /Il
PNRR Nella Dimensione Della Prossimita: Questioni Problematiche e Scenari Di Opportunita. Arch. Studi Urbani E Reg. 2023, 53,
161-165. [CrossRef]

Fabbrini, F. Italy’s National Recovery and Resilience Plan: Context, Content and Challenges. J. Mod. Ital. Stud. 2022, 27, 658-676.
[CrossRef]

Ajo, G. Strategies for Preventive Protection of Historical Settlements against Seismic Events in Inner Areas. Security and Identity.
11 Capitale Cult. Stud. Value Cult. Herit. 2019, 2019, 255-280. [CrossRef]

Chioni, C.; Pezzica, C.; Favargiotti, S. Territorial Digital Twins: A Key for Increasing the Community Resilience of Fragile
Mountain Inner Territories? Sustain. Dev. 2024, 32, 1548-1563. [CrossRef]

EU’s Recovery and Resilience Facility Impact Set to Reach EUR 891.7 Billion—European Commission. Available on-
line: https:/ /joint-research-centre.ec.europa.eu/jrc-news-and-updates/eus-recovery-and-resilience-facility-impact-set-reach-
eur-8917-billion-2025-05-21_en?utm_source=chatgpt.com (accessed on 11 September 2025).

Maranzano, P.; Noera, M.; Romano, R. The European Industrial Challenge and the Italian NRRP. PSL Q. Rev. 2021, 74, 207-218.
[CrossRef]

Cassalia, G.; Calabro, F. The Valuation of Unused Public Buildings in Support of Culture-Led Inner Areas’ Small Villages NRRP
Strategies: An Application Model in Southern Italy. Lect. Notes Netw. Syst. 2022, 482, 3—15. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

248



MDPI AG
Grosspeteranlage 5
4052 Basel
Switzerland
Tel.: +41 61 683 77 34

Sustainability Editorial Office
E-mail: sustainability@mdpi.com

www.mdpi.com/journal/sustainability

Z

MDPI

F

Disclaimer /Publisher’s Note: The title and front matter of this reprint are at the discretion of the
Guest Editors. The publisher is not responsible for their content or any associated concerns. The
statements, opinions and data contained in all individual articles are solely those of the individual
Editors and contributors and not of MDPI. MDPI disclaims responsibility for any injury to people or
property resulting from any ideas, methods, instructions or products referred to in the content.






E| Academic Open
‘¢ Access Publishing

t mdpi.com ISBN 978-3-7258-8664-7




