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This report explores how cities can leverage data to enhance decision-making across planning and
policy domains. It outlines foundational requirements, practical tools, ethical considerations, and
strategic recommendations to guide the data-driven transformation in urban governance. Data have
emerged as one of the most valuable strategic assets for modern cities, enabling them to become
smarter, more responsive, and more inclusive. High-quality, diverse datasets empower city
administrations to understand urban systems, track progress, and make evidence-based decisions—
essential capabilities on the path to climate neutrality. From energy and mobility to climate
adaptation and social equity, data underpin integrated planning, optimized infrastructure, and long-
term resilience.

The Task Group Monitoring and Evaluation presents a comprehensive, evidence-informed framework
for guiding cities toward climate neutrality, resilience, and social inclusivity through data-driven
urban transformation. It builds on recent advancements in urban science, digital infrastructure, and
participatory governance to propose a strategic pathway for rethinking how cities plan, implement,
and evaluate sustainable development interventions. The growing complexity of urban systems is
driven by factors such as increasing populations, environmental pressures, evolving technologies,
and deepening social disparities. Traditional models of urban planning and service provision, which
tend to be compartmentalized and slow to respond, no longer suffice. Cities must instead transition
to integrated, adaptable, and data-informed frameworks in which decision-making is grounded in
robust urban analytics.

From vision to action: The role of data in transformation

Cities aiming for climate-neutral, resource-efficient, and resilient futures must develop robust
strategies for planning, monitoring, and optimizing energy systems. Integrated Urban and Energy
Planning (IUEP) uses data to connect spatial development with energy system transformation—
addressing land-use conflicts, the flexibility needs of renewable integration, and the large-scale
investment required for infrastructure modernization. Similarly, in mobility, integrated data
platforms and real-time monitoring allow cities to design multimodal, low-emission systems that
reduce greenhouse gas emissions while meeting citizen needs.

Data are also indispensable for climate adaptation and mitigation strategies. Cities need
comprehensive, high-resolution datasets—covering socio-economic, geospatial, emissions, and real-
time sensor data—to assess risks, identify vulnerabilities, and design socially equitable solutions.
Impact assessments based on robust and context-specific datasets help ensure that interventions
deliver credible results and avoid underestimating their full life cycle impacts.

Building the foundations: Data infrastructure for cities

A resilient and effective urban data ecosystem begins with a robust data infrastructure. This involves
identifying and integrating diverse data types and sources, establishing agreements with providers,
and ensuring compliance with GDPR and other legal frameworks. Effective data management
encompasses secure transfer, curation, quality checks, and analytics to derive Key Performance
Indicators (KPIs) for impact assessment. Case studies from Smart Cities and Communities (SCC)
projects demonstrate that well-structured monitoring programs can transform raw data into
actionable insight.

Turning data into actionable governance

Urban data reach their full potential when transformed into actionable governance through digital
tools, predictive analytics, and participatory processes. Urban Digital Twins (UDTs), Al-enabled
modelling, and immersive visualization platforms enable cities to anticipate challenges, test
scenarios, and co-create policies with stakeholders. Interoperable data ecosystems and citizen-
centred design not only improve technical performance but also foster trust, transparency, and
inclusivity.
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Scaling and replication: Challenges and opportunities

While many innovative solutions exist, scaling them across different European contexts remains
challenging. Barriers include fragmented governance, lack of interoperability, privacy concerns, and
uneven institutional capacity. Successful replication requires modular design, adoption of open
standards, continuous stakeholder engagement, and robust monitoring frameworks. Lessons from
projects such as +CityxChange, RUGGEDISED, and BIPED highlight that collaboration and knowledge
sharing are critical to overcoming these barriers.

A call to action

Cities as intelligent systems must integrate leadership, governance, technology, and citizen
engagement into a cohesive whole. By investing in strong data foundations, applying advanced tools,
and addressing systemic barriers to scaling, urban leaders can accelerate the transition toward
climate neutrality and resilience. The path forward demands openness, long-term thinking, and
collaboration across sectors and borders—transforming data from a passive resource into an active
driver of sustainable urban futures.
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Globally, cities are moving toward scalable, smart, and climate-neutral futures in response to
increasing urban complexity, population growth, climate pressures, and the demand for more
efficient, inclusive, and sustainable governance. Cities are at a pivotal moment in the global drive
toward climate neutrality, sustainability, and resilience. With more than two-thirds of the world’s
population now living in urban areas, cities are simultaneously major contributors to greenhouse gas
(GHG) emissions and among the most vulnerable to the escalating impacts of climate change—
ranging from extreme heat events to flooding. The urgency to transform cities into resource-efficient,
climate-neutral ecosystems has brought the domains of energy, mobility, and climate adaptation to
the forefront of urban governance. This transformation requires a departure from siloed approaches
toward integrated, systemic, and data-driven models of planning and decision-making. The following
chapters present a structured journey into how cities can harness data and governance innovations
to meet these challenges.

Chapter 2 - The Role of data in modern urban governance

At the heart of this evolution lies data—not merely as a technical resource, but as a strategic enabler
of sustainable, resilient, and inclusive governance. By leveraging diverse datasets—ranging from
real-time sensor outputs and geospatial mapping to socio-economic indicators and institutional
records—cities can deepen their understanding of complex urban systems, monitor progress toward
sustainability targets, and make informed, evidence-based decisions. Such approaches are essential
for tackling interconnected challenges, including land-use conflicts, energy system flexibility, and
infrastructure investment in the context of the clean energy transition. This chapter explores the
critical role of data in addressing complex urban challenges such as mobility management, energy
efficiency, and climate adaptation.

Chapter 3 - Building the foundations: Data infrastructure for cities

A comprehensive urban data infrastructure is critical to achieve these ambitions. Establishing such
systems requires identifying and integrating diverse data sources, establishing formal agreements
with providers, and ensuring compliance with legal frameworks such as the GDPR. It also demands
sound data management practices, including secure data transfer, curation, quality assurance, and
analytics. These elements support the calculation of Key Performance Indicators (KPIs) for
measuring the impact of innovation measures, Positive Energy Districts (PEDs) used to access
broader urban strategies. Case studies from Smart Cities and Communities (SCC) projects
demonstrate that well-structured monitoring programs can transform raw information into
actionable insights. Chapter 3 explores how to build these foundations.

Chapter 4 - Turning data into actionable governance: Tools and methodologies

Importantly, the abundance of urban data is both an opportunity and a challenge. While more
information than ever before is being collected, many cities struggle to translate it into timely,
targeted, and actionable decisions. Bridging this gap requires not only advanced tools—such as
predictive modelling, Digital Twins, and participatory governance platforms—but also ethical
safeguards, institutional innovation, and active citizen engagement. Data-driven governance must
be both smarter and more inclusive, helping ensure that technological advancements serve the
needs and rights of all citizens. This chapter highlights how cities can move from passive data
collection to active decision-making while ensuring ethical safeguards, institutional innovation, and
inclusive citizen engagement.

Chapter 5 - Challenges and risks for scaling and replication

Finally, as European cities work toward smarter, more sustainable futures, scaling and replicating
successful solutions remains a pressing goal. Yet significant barriers persist: fragmented data
systems, outdated infrastructure, regulatory complexity, and the risk of social exclusion. Addressing
these challenges calls for interoperable data spaces, standardized governance frameworks, and
targeted capacity building. Projects such as BIPED have shown how interoperability, clear
governance, and inclusive practices can enable scalable, replicable smart city models. Chapter 5
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addresses these challenges, identifying strategies to enable interoperability, standardized
governance frameworks, and capacity building while mitigating risks of social exclusion.

Setting the stage

The journey toward intelligent, adaptive, and sustainable cities requires more than technology—it
demands leadership, governance reform, and citizen trust. By linking the insights from Chapters 2
to 5, this report provides a roadmap for cities to function as intelligent systems. Such systems can
integrate leadership, data, technology, and citizen engagement into cohesive frameworks that can
address both present and future urban challenges.
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Cities are at a critical juncture in the global effort to combat climate change and build a sustainable
future. With over two-thirds of the world’s population residing in urban areas, cities are both
significant contributors to GHG emissions and particularly vulnerable to the negative impacts of
climate change, such as extreme heat and flooding. The urgent need for urban transformation
towards resource-efficient and climate-neutral cities has brought the domains of energy and climate
to the forefront of city governance. This transformation requires a fundamental shift in how cities
are planned, managed, and developed. This means moving beyond traditional, siloed approaches to
a more integrated, systemic, and data-driven model. At the heart of this transition lies the central
role of data as a strategic enabler for sustainable, resilient, and inclusive urban governance.

This document elaborates on the meaning and importance of data in supporting evidence-based
decision-making for urban sustainability. It highlights how data can enhance key areas of urban
administration, including integrated urban and energy planning, mobility, climate adaptation, and
impact assessment. By leveraging data, cities can gain a deeper understanding of complex urban
systems, monitor their progress toward sustainability goals, and make informed decisions that are
both effective and equitable. This approach is crucial for designing policies and strategies that can
tackle interconnected challenges. These include land-use conflicts, energy system flexibility, and
infrastructure investment, all of which arise from the clean energy transition.

The document explores how different types of data—from real-time sensor data and geospatial
information to socio-economic and institutional records—are essential for a comprehensive and
holistic view of urban dynamics. It also examines the role of Smart Cities and Communities (SCC)
initiatives in leveraging these data to enhance key urban functions. For example, data are
instrumental in shaping regulations for building retrofitting and deploying new concepts such as
Positive Energy Districts (PEDs). The emphasis is on the importance of data-driven approaches in
modernizing urban mobility systems, which are a major source of emissions. By providing insights
into traffic patterns, travel behaviour, and associated emissions, data enable cities to design effective
and sustainable transport systems.

Furthermore, the document discusses the critical role of data in developing robust climate adaptation
and mitigation strategies. Cities need to rely on comprehensive, high-resolution datasets to assess
risks, identify vulnerabilities, and design integrated solutions that both reduce GHG emissions and
enhance resilience. This includes using models and scenarios to simulate future climate conditions
and urban responses, promoting adaptation pathways that are robust and flexible. Finally, the
document highlights the importance of impact assessments (covering environmental, economic, and
social domains) for systematically evaluating the effects of urban policies and projects. The use of
accurate, context-specific data is fundamental to these assessments because it ensures that
sustainability strategies are grounded in empirical evidence, and it provides a more comprehensive
evaluation of urban interventions across their entire life cycle.

= What types of decisions are improved by data (infrastructure investments, mobility, climate
adaptation, social policies)

m Integrated urban and energy planning: Planning and real-time energy operating
and management data

m Infrastructure investments: Prioritizing based on real-time usage and
performance data

m  Urban mobility: Understanding traffic flows, public transport usage, and modal
shifts

m Climate adaptation and mitigation strategies: Using spatial and sensor data for
risk mapping and resilience planning

m Social policy: Identifying underserved populations and evaluating intervention
impact

m Codes and standards: Facilitating updating building (energy) codes and standards
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m Case examples or statistics to highlight impact

= The shift toward anticipatory and adaptive planning

Data play a central role in enabling smarter, more responsive, and inclusive urban governance. They
allow city administrations to better understand urban systems, monitor progress, and make
evidence-based decisions. Real-time and high-resolution data improve service delivery (e.g., in the
areas of mobility, energy, and waste), contribute to optimizing infrastructure, and support forward-
looking strategies. Moreover, data sharing promotes the transparency, citizen engagement, and
cross-sector collaboration that are crucial for tackling complex challenges such as climate change or
social inequality. Ultimately, data are not merely a technical asset but a strategic enabler of
sustainable, resilient, and climate-neutral cities.

The emerging need to transform cities to resource efficiency and climate neutrality brought the
domains of energy and climate to the forefront in which data are a key enabler to help cities
achieve their energy and climate goals. This requires planning, monitoring, and optimizing urban
energy systems through energy-efficiency improvement in all end-use sectors, e.g., building,
mobility and industry. Moreover, it requires accelerating the integration of renewable energy and
the deployment of sustainable city-wide solutions such as district heating.

In this regard, high-quality data enable cities to track emissions, simulate future energy demand
and supply, and assess the impact of policy measures. Developing long-term urban decarbonization
strategies relies on constructing future development scenarios. These, in turn, depend on robust
databases that cover energy demand and supply by fuel and sector (building, mobility, industry).
Such databases must also incorporate related socio-economic and technological drivers and
governance and regulatory frameworks. These types of data support the definition of
decarbonization pathways and facilitate transparent, co-created decision-making among
stakeholders. Ultimately, data empower cities to accelerate the clean energy transition, align with
climate targets, and design adaptive, evidence-based strategies for a carbon-neutral future.

This section elaborates on the meaning and central role of data in supporting evidence-based
decision-making for the transformation toward sustainable and inclusive cities. It highlights the
contribution of Smart Cities and Communities (SCC) initiatives. The focus is on how data enhance
key areas such as integrated urban and energy planning, mobility, climate adaptation, infrastructure
needs and investments, social policy design, and governance. Data play a crucial role in shaping
regulations and standards to support building retrofitting, deploying new urban concepts such as
Positive Energy Districts (PEDs), and enabling new regulatory frameworks to accelerate the uptake
of local renewable energy solutions. This includes energy communities and shallow geothermal
energy systems connected with heat pumps that promise to become a game changer for the urban
clean energy transition.

2.1 Integrated urban and energy planning to enable
climate-neutral cities

Integrated Urban and Energy Planning (IUEP) plays a crucial role in operationalizing the European
Green Deal, the Renovation Wave, and EU Mission 100 Climate-Neutral and Smart Cities by 2030".
It enables cities to move beyond isolated projects toward systemic, scalable, and replicable solutions
for clean energy transitions.

IUEP is an emerging, multidisciplinary approach that bridges the traditionally separate domains of
urban planning, spatial planning, and energy planning. It recognises that achieving climate-
neutral and resilient cities requires aligning urban development strategies with the transformation
of local and regional energy systems.

Energy systems are transforming to distributed-variable renewable energy supply with increased
prosumer roles and flexibilization needs. Three key challenges emerge along the ongoing clean
energy transition that needs to be aligned with the requirement for sustainable urban transformation
at different scales (building, district, and city scales). They arise from the intersection between
energy, spatial, and urban planning. They reflect the conflict in land-use, the emerging flexibilization
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gaps resulting from the intermittent renewable energy generation, and the resulting investment in
energy and urban infrastructure.

For land-use at the urban scale, limited space availability, competing land-use interests, and
heterogeneous demand structures require bold spatial-temporal planning, particularly to
accommodate the resulting energy flows and infrastructure requirements. The subsequent strong
intersection between urban and spatial energy planning is further exacerbated by additional factors
such as climate change, demographic developments, and technological innovation dynamics. Hence,
the use of urban spaces requires carefully optimized spatial and urban planning. This is the only
strategy to accommodate, among other things, the infrastructure needed for the land-intensive
renewable energy options, which are pronounced by their low energy intensity. This creates a
growing demand for optimized urban and spatial energy planning to promote the development of
energy-efficient and compact urban areas.

The shift to RES with their distributed and intermittent pattern results in increased spatial and
temporal resolutions of energy demand and supply. This significant shift imposes the need for
adequate flexibilization options (e.g., storage, DR, ..) to deal with the increasing mismatch
between energy demand and supply, particularly of electricity. Current energy systems ensure the
needed flexibility by the energy supply side, which provides flexible energy production facilities such
as hydropower and gas turbines to maintain and balance the power load demand and maintain
continuous energy service in the face of rapid swings in the supply. However, the increased share
of RES, with their distributed and intermittent nature, requires new flexibility options on both
demand and supply sides. Those options must cover — among others — electricity and heat storage,
sector coupling (e.g., P2X, V2H), demand response from the consumer/prosumer, and smart
infrastructure.

In addition to the technical challenges outlined above, the energy system is undergoing a
fundamental shift from a fuel-based to an investment-driven system. High upfront capital is required
to phase out fossil technologies, integrate renewables and flexibility measures, electrify end-uses,
as well as retrofit buildings and urban infrastructure. Moreover, enhancing the resilience of urban
infrastructure—including energy systems—to cope with climate change and withstand external
shocks and extreme events demands additional financial resources. The scale of investment required
to modernize and ensure future-proof urban energy systems is immense and can be addressed only
through coordinated efforts among all stakeholders and actors. Nonetheless, these investments will
yield long-term benefits including improved resilience, economic growth, and substantially reduced
GHG-emissions.
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Figure 1: Key drivers of city decarbonization

Within this context, IUEP is systematically integrating energy considerations—such as demand,
supply, infrastructure, efficiency, and renewable energy potential—into all stages of urban and
spatial planning processes. This covers planning new developments and retrofitting existing urban
areas in ways that support decarbonization, resource efficiency, and energy justice. For this purpose,
spatio-temporal urban energy planning frameworks are being developed and applied to support
urban decision-making process!. They address the complexities of integrated spatial and temporal
urban energy planning and enable evidence-based carbon-neutral strategies at both city and district
levels.

Reliable and well-structured data are the backbone in applying urban and energy planning tools for
smart and sustainable city planning. They help city governance understand where they stand,
explore different future scenarios, and make informed decisions, whether it be about energy,
mobility, or infrastructure. Tools such as Digital Twins make this even more powerful by allowing
cities to test ideas before putting them into action. To scale successful solutions, results from
Lighthouse city projects should be translated into solid and transferable indicators. Strengthening
urban data platforms and creating better systems for collaboration within city departments will not
only improve planning but also help more cities to follow the path toward sustainable and climate-
neutral cities.

1 Spatiotemporal modelling for integrated spatial and energy planning | Energy, Sustainability and
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2.2 Urban mobility

The transport sector is one of the major GHG emitters, accounting for 16.2% of global annual GHG
emissions2. Within this sector, 74% of the emissions can be related to road transport, making road
traffic a key target for decarbonization strategies.

At the urban scale, mobility—comprising both passenger and freight transport—accounts for over
30% of direct CO, emissions3, making it a central challenge in city decarbonization. As such, mobility
systems are a focus of urban governance and climate policy, directly influencing both urban
liveability and overall climate performance.

With city growth, the complexity of mobility systems increases. Contemporary urban passenger
mobility includes diverse modes such as private vehicles, public transportation, active mobility (e.g.,
walking, cycling), and emerging forms like shared, electric, and micro-mobility (e.g., e-bikes, e-
scooters). Similarly, urban freight and logistics are evolving by integrating electric and hydrogen-
powered vehicles, automated delivery systems (e.g., drones, robots), and collaborative distribution
networks. These innovations aim to reduce emissions, alleviate congestion, and increase operational
efficiency [1]. Effectively understanding, planning, and managing these multimodal systems is
essential to enabling climate-neutral and resilient urban development.

Transforming urban mobility is both a technical endeavour and a complex governance challenge
requiring coordinated action across local authorities, transport operators, urban planners, and
energy providers. As a key pillar of urban planning, mobility is deeply interlinked with the energy
transition and intersects with several policy domains. These include land-use planning (e.g.,
compact, mixed-use development to reduce travel demand), air quality, accessibility, and social
equity—among other domains. In addition, it is important to consider other less objective data such
as users' level of readiness for mobility change and adoption of hew mobility solutions. Qualitative
data such as demographic and cultural characteristics must also be considered, along with the user's
own perception of mobility. These data complement those obtained through quantitative data
collection systems, enriching the data landscape and allowing for a more nuanced analysis.

Achieving sustainable urban mobility requires robust digital infrastructure supported by high-quality,
integrated data. This includes real-time monitoring systems, intelligent transport systems (ITS), and
smart mobility platforms. A core component is the development of integrated data platforms that
combine spatial (GIS), temporal (e.g., hourly, daily), and behavioural datasets. These platforms
support advanced scenario modelling and enable continuous monitoring and evaluation of mobility
interventions. Traffic flow analysis depends on the ability to assess the spatio-temporal dynamics of
congestion, travel behaviour, and associated emissions (Wang et al., 2019) [2]. Such data-driven
approaches are crucial for informing targeted measures, reducing emissions, and supporting the
broader goal of climate-neutral urban development. Other types of tools are needed to collect
qualitative data from users. This includes both digital tools such as crowd mapping, digital surveys,
voting systems, participatory apps and platforms, along with more traditional tools such as
workshops, events, etc.

With the emerging digitalization of the mobility sector, data-driven digital integration solutions are
becoming important*. This includes introducing smart mobility such as real-time apps and smart
traffic lights. The emergence of autonomous mobility such as self-driving cars and shuttles as well
as metros are in the advanced stage of testing. Copenhagen intensively uses self-driving trains in
the metro systems. The city plans to reach fully autonomous trains by 2030 [3]. Other cities are
working on introducing Mobility-as-a-Service (MaaS), where integrated digital platforms combine
various transport modes in one service. This type of innovative urban mobility service is present in
Vienna (Wiener Linien’s Maas), which implements a MaaS through its WienMobil app. This app allows
users to plan, book, and pay for trips (using diverse public transport, bike-sharing, car-sharing, and
taxis) into a single interface [4].

2 Sector by sector: where do global greenhouse gas emissions come from? - Our World in Data
3 https://www.urbanmobilityportal.com/decarbonising-urban-mobility
4 Digitalising transport - towards smart and sustainable mobility | Shaping Europe’s digital future
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Figure 2: The data-driven concept of Mobility-as-a-Service platform to facilitate
sustainable, efficient, and user-friendly urban mobility

Effective urban mobility governance requires tools and frameworks that are evidence-based,
participatory, and forward-looking, especially when integrating climate targets into urban transport
planning [5]. High-quality, interoperable mobility data enable both operational efficiency and
strategic planning, e.g., aligning EV deployment with renewable energy availability [6].

Formulating decarbonization strategies and action plans to support decision-making in the
sustainable transformation of the transport sector—as part of an integrated urban decarbonization
strategy—relies heavily on the availability of consistent, robust, and high-quality data. This includes
data across social, economic, technical, and regulatory domains. One of the most pressing challenges
cities face here is establishing city-specific datasets, particularly for the transport sector. This is
further complicated by incorporating the commuter effect—an often difficult-to-capture dynamic
(which needs to be modelled) involving daily mobility across city boundaries.

This makes harmonizing the data collection methodologies and enhancing municipal data
management capabilities critical prerequisites for developing realistic, evidence-based policies and
strategies. The strategy development process typically follows a co-creation approach involving key
city stakeholders, which helps ensure alignment with official long-term city development strategies

[71.

Conversely, the resulting strategies and action plans offer clearly defined Key Performance Indicators
(KPIs) to support implementation, performance tracking, and future replication. For the mobility
sector, KPIs typically include projected annual changes in modal split, the share of public and clean
transport modes (e.g., electric vehicles, cycling, walking), annual intra- and inter-urban mobility per
person (passenger-kilometres: pkm), freight transport by mode (ton-kilometres: tkm), as well as
GHG emissions and final energy consumption per kilometre and per capita.

In summary, urban governance must take into account the diversity of mobility types and modes to
develop inclusive, efficient, and sustainable transport systems that align with both the local context
and broader goals of sustainable urban transformation. A data-driven understanding of mobility
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patterns is essential for effective planning, targeted policy design, and adaptive governance. The
aim is to support the decarbonization of the mobility sector and advance climate-neutral city goals.

Urban mobility plans should be fully integrated into overarching clean energy transition strategies,
reflecting policy interdependencies and anticipating future developments. To support this, cities must
invest in the development of coherent, high-quality energy and mobility data. They must also
establish robust data governance frameworks to enable future planning, implementation, and
continuous monitoring.

2.3 Climate adaptation and mitigation strategies

As climate change increasingly threatens the quality of life, urgent action is needed to both mitigate
CO2 emissions and adapt to existing and future climate risks. Cities play a central role in this dual
challenge. They are home to over two-thirds of the global population, making them major sources
of emissions. Moreover, their dense, sealed structures amplify the negative impacts of climate
change. To develop effective climate adaptation and mitigation strategies, cities must rely on a
comprehensive, high-resolution dataset that captures both the spatial dynamics and temporal
variability of urban systems. These data enable cities to assess risks, identify vulnerabilities, and
design integrated solutions that enhance resilience while reducing GHG emissions.

Information Mitigatl.on & Adaptation
Strategies Implementation
Information _gathering informing decision-making Actions
+ Data collection » Government agencies *Projects
* Survey » Cities authorities *Policies
* Analysis * Energy companies * Implementation
* Policies and regulations * Investors plans

Figure 3: Steps of preparing mitigation and adaptation strategies

The data required for mitigation/decarbonisation and adaptation planning cover the following main
categories.

m  Socio-economic data: Provide insights into population dynamics, income levels, and social
vulnerability to inform equitable climate actions and assess the feasibility of mitigation and
adaptation strategies.

m  Geospatial and mapping data: Enable risk mapping, urban form analysis, and scenario
development by capturing land use patterns, zoning, and physical infrastructure
distributions. They enable prioritizing interventions and ensuring that actions are place-
specific and equitable. Typical datasets include land use and land cover, building stock data
(age, materials, energy class), infrastructure (transport, energy, industry, health systems),
and nature-based assets (parks, wetlands, green roofs).

m  Energy and emissions data: Provide the basis for mitigation planning by quantifying sectoral
energy consumption, emissions sources, and potential reduction pathways.

m  Energy & climate models: Future-oriented planning depends on access to downscaled climate
scenarios and risk models that reflect local conditions including:

m  Sectoral models for energy, transport, and land-use change (e.g., MAED-City, LEAP,
MESSAGE, MATsim)
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m  Regional and microclimate models (HWLEM, PALM4U)

m Extreme event projections (e.g., extreme heat, frequency of heatwaves, floods)
m Digital elevation models for flood and landslide risk mapping

m  Urban climate simulation model (e.g., PALM4U, UMEP)

m Digital elevation models for flood and landslide risk mapping

Such data enable cities to develop robust, flexible adaptation pathways and net-zero transition
scenarios.

m  Sensor and real-time environmental data: Real-time and time-series sensor data improve
the accuracy of urban climate models and provide dynamic inputs for resilience planning.
Key sources include:

m  Weather stations (temperature, humidity, precipitation, wind)
m  Air quality sensors (PM2.5, NO2, O3)

m  Soil moisture and surface runoff sensors

m Flood gauges and river level monitors

m Urban energy consumption data (via smart meters)

m  Mobility tracking data (traffic, modal split, emissions)

These data streams are crucial for early warning systems and enable adaptive management of urban
resources, aligning with the EU Mission on Climate-Neutral and Smart Cities.

m Socioeconomic and institutional data: Beyond physical systems, adaptation requires
understanding the social, economic, governance and institutional capacity of cities covering
among others:

m Demographics and health indicators (e.g., aging, heat vulnerability)
m  Energy poverty statistics

m Institutional readiness assessments

m  Community engagement records

m Existing policy frameworks and zoning regulations

These insights play a critical role in informing just transition planning by identifying vulnerable
populations, assessing potential socio-economic impacts of climate policies, and guiding the
equitable distribution of benefits and burdens. This helps ensure that no individual or community is
left behind in the shift toward a climate-neutral future.

A strong example of a project supporting cities on their path toward climate neutrality is the EU-
funded PLENTY-Life project [8]. It focuses on developing and applying a Holistic Integrated Spatio-
Temporal Energy Planning (HISTEP) framework to help cities and municipalities deliver long-term
clean energy transition strategies [9]. Co-created with local stakeholders, PLENTY-Life uses a
forecasting—backcasting approach to develop alternative decarbonization scenarios following the
expected socio-economic and technological developments of the considered cities. At the same time,
it accounts for each city’s specific urban, spatial, and regulatory conditions. The methodology is
data-driven, drawing on multiple data domains. These include spatio-temporal energy demand and
supply, energy infrastructure, land use, building physics, transport and industrial dynamics, as well
as demographic, socio-economic, and technological trends.

Another example in this domain is the EU-funded KNOWING project [10]. It underscores the
importance of anticipatory knowledge systems and emphasizes that robust data and foresight are
critical for shaping climate-resilient and climate-neutral urban futures. It addresses this challenge
by developing climate mitigation pathways—timelines of targeted interventions—tailored to specific
regional contexts, with a strong focus on cities and urban areas. Urban regions are particularly
vulnerable and have already begun defining adaptation and mitigation strategies across sectors such
as energy, transport, and land use. However, many existing strategies address sectors in isolation,
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overlooking the interactions, rebound effects, or trade-offs between them. To address these gaps,
KNOWING introduces an integrated assessment framework that considers climate impacts, societal
transformation, and systemic interdependencies. The project uses system dynamics (SD) modelling
to quantify how interventions in one sector affect outcomes in others and the overall emissions
budget. For example, while air conditioning improves indoor comfort, it also increases emissions and
exacerbates urban heat islands. The KNOWING framework integrates domain-specific models—such
as MAED-City for energy demand, IES-opt for energy supply, and PALM4U or SFINCS for urban
climate and flooding impacts. These models are fed with high-resolution climate data (e.g., 5x5 km
WRF inputs) to simulate realistic climate conditions and urban responses. In parallel, a coping
behaviour model ensures that solutions are socially equitable, helping to guide a just and broadly
accepted transition. Applying the established modelling framework, KNOWING develops climate
mitigation and adaptation pathways for four types of regions, each facing specific climate impacts
covering Soil Fertility and Agriculture, Flooding and Infrastructure (coastal and riverside), and Heat
and Health. This approach simplifies transferring the pathways to all regions of the same type [11].

Research activities and projects—such as PLENTY-Life and KNOWING—deal with the formulation of
climate adaptation and mitigation/decarbonization strategies. This shows the need for and
importance of integrating diverse data types that cover spatial and real-time sensor data into
foresight models, scenario tools, and decision-making processes. Within this context the required
data to conduct interdisciplinary analyses and formulate mitigation and adaptation strategies cover
the main data domains.

2.4 Impact assessment for climate-neutral cities

Impact assessment in city governance refers to the systematic evaluation of the potential or actual
effects of policies, projects, plans, or regulations on a city’s environment, economy, social fabric,
and institutional capacity. Different typologies of impact assessments are available in urban
governance:

m  Environmental Impact Assessment (EIA) evaluates environmental implications through
methodologies such as Urban Metabolism (UM) or Life Cycle Assessment (LCA). EIAs are
recognized as the most useful instrument to evaluate the environmental impact of complex
systems [12].

m  Economic Impact Assessment evaluates the aspects related to business development,
investment requirements, income distribution, and local employment. Life Cycle Cost (LCC)
methods are useful instruments to comprehensively evaluate the economic sustainability of
urban projects.

m  Social Impact Assessment focuses on community well-being, displacement, equity, and
social cohesion. Social Life Cycle Assessment (S-LCA) is an emerging method to evaluate
the distribution of social impacts across various stakeholder groups, identify risks to human
rights, working conditions, occupational health, safety, access to services, gender issues,
equity implications for vulnerable or marginalized populations, etc.

m Health Impact Assessment predicts how decisions affect public health outcomes. It can
provide a site-specific toxicological or epidemiological analysis. LCA and S-LCA can also
measure health implications through indirect pathways.

The goal of these assessments is to inform decision-making, promote transparency and replicability,
and improve outcomes for urban residents. Effective impact assessments require comprehensive,
accurate, reliable, context-specific, and disaggregated data.

The use of real-world primary data, in fact, helps improve the representativeness and credibility of
the analyses. It captures site-specific variables such as energy mixes, operational behaviour, traffic
congestion problems, driving behaviours, modal share, and vehicle occupancy. Generic or averaged
data (e.g., secondary data from databases or literature) often represent industry-wide averages that
may not reflect local technologies, transportation reality, energy mixes, or material compositions.

The use of measured or observed data enhance the credibility of environmental claims such as
carbon neutrality or eco-labelling. It ensures that sustainability strategies are grounded in empirical
evidence, not assumptions.
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At present, most environmental assessments conducted for the development of carbon-neutral cities
or urban districts predominantly concentrate on the operational phase of buildings and
transportation. These assessments typically rely on applying standardized emission factors to
translate final energy consumption—such as electricity and fuel use—into corresponding greenhouse
gas (GHG) emissions, often expressed in terms of COz2-equivalents. While this approach provides
valuable insights into the direct emissions associated with energy use during the occupancy or
functioning stage, it neglects upstream and downstream environmental impacts. Accordingly,
current methodologies may substantially underestimate the full carbon footprint of urban
developments or overestimate the energy-saving potential of renovations, technological transitions,
or electrification scenarios.

Including embodied components in assessments is especially important because embodied impacts
acquire relevance during the ongoing energy transition. This is because the operational consumption
in the building and transportation sectors is significantly reduced [13]. Examples include positive
energy districts—or more generally low-energy buildings or near zero energy buildings. They are
also evident in adopting electric vehicles, which shift impacts from "tank to wheels" to upstream fuel
production [14]. Importantly, underestimating the effects of building materials or fuel production
here may divert investments from more effective mitigation strategies.

Life cycle assessment methodologies can help achieve a more comprehensive evaluation that
accounts for all life cycle modules of climate-neutral city interventions. For instance, when
environmental assessments use a "cradle-to-grave" approach, they encompass the entire life cycle
of a project or plan. This includes the embodied environmental impacts associated with upstream
processes such as raw material extraction, processing, and final product manufacturing. It also
incorporates the operational phase impacts including energy consumption, emissions, and resource
use during the use of the system or infrastructure. Finally, it considers the maintenance and end-
of-life stage, encompassing decommissioning, demolition, waste management, and potential
recycling or disposal pathways. This comprehensive methodology ensures a holistic evaluation of
environmental burdens across all life cycle stages, thereby supporting more sustainable decision-
making in urban planning and development.

While Life Cycle Assessment methodologies comprehensively evaluate complex systems by
accounting for burden shifting across life cycle stages and trade-offs among impact categories,
applications at the urban scale remain difficult. This is due to the complexity of the analysis,
extensive data collection necessities, and lack of streamlined tools. The applications demand
integrating and managing substantial datasets from heterogeneous sources and typologies, which
necessitates effective data management capabilities.

Data are the fundamental driver of a successful transition toward sustainable, resilient, and climate-
neutral cities. The detailed analysis presented in the document underscores that data are not merely
a technical tool but a strategic asset that enables evidence-based decision-making across all facets
of urban governance. From integrated urban and energy planning to modernizing mobility systems
and developing climate adaptation strategies, high-quality, comprehensive data are indispensable
for understanding complex urban dynamics and ensuring effective, equitable outcomes. This
document demonstrates that applying data helps cities to move beyond isolated projects and adopt
systemic, integrated solutions. By bridging traditionally separate domains such as urban planning
and energy, data help cities address key challenges such as land-use conflicts, the need for energy
system flexibility, and significant investment requirements. Similarly, in the mobility sector, data-
driven approaches enable the effective management of complex, multimodal transport systems and
support the formulation of decarbonization strategies with clear KPIs for monitoring progress.
Ultimately, the successful implementation of sustainable urban transformation relies on a city's
ability to collect, manage, and utilize diverse datasets, including geospatial, socio-economic, and
real-time sensor data. These data are crucial for performing robust impact assessments. Such
assessments are necessary to evaluate the full life-cycle effects of policies and projects and to ensure
that sustainability claims are empirically grounded. The examples of the PLENTY-Life and KNOWING
projects highlight the importance of integrating various data types into foresight models and co-
creation processes to develop holistic and socially equitable mitigation and adaptation strategies.
The future of urban sustainability depends on a strong commitment to robust data governance. It
also depends on developing integrated data platforms to support continuous planning,
implementation, and monitoring of urban development goals.
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Chapter 3 presents a comprehensive monitoring data framework along with its underlying data
architecture. The monitoring process typically involves the identification of data sources and
collection efforts, which requires establishing agreements with data providers to ensure legal
compliance and adherence to GDPR regulations. Data management programs include data transfer,
curation, and performing sanity checks. This is followed by data analytics to calculate key
performance indicators (KPIs) for impact assessment and monitoring of PEDs or specific innovation
measures. This chapter provides a general overview of the key aspect and steps involved in
establishing a robust data infrastructure and elaborates on the following core elements:

= Data types, sources, and integration

= Governance, standards, and legal compliance

m Data infrastructure and data management practices
= Monitoring programs

m KPI-based impact assessment

The chapter concludes with several case studies from Smart Cities and Communities (SCC) projects,
showcasing how these processes have been implemented in practice.

Some of the goals of SCC are to promote sustainable environments, improve energy use, reduce
emissions, boost citizen well-being, and optimize public service delivery, among many others.
Achieving these goals involves collecting, analysing, and interpreting a wealth of digital information
and insights from community members, city residents, and other stakeholders. Importantly, the
growth of data being generated far outpaces governments’ ability to store, process, and utilize them.
According to an OECD report on Data Governance for Smart Cities®, only 2% of data produced in
2020 was processed or retained in 2021 [15]. In monitoring programs, data and its underlying
infrastructure play a crucial role in assessing the success of innovation measures and in identifying
areas for improvement in Smart City projects.

Data governance and infrastructure ensure that the data are reliable, secure, consistent, properly
used, and that responsibilities are clearly assigned in alignment with policies, standards, and broader
objectives. Monitoring data originates from both project-specific measurements and secondary data
sources (see Section 3.1.1). The data infrastructure supports data collection, compilation, curation,
and analysis. Establishing and managing the data pipeline therefore represent a critical aspect of
SCC projects. It fosters a principled approach to managing data throughout its life cycle, from
collection and monitoring to its use and eventual disposal.

If personal data are to be gathered, public interest can serve as the justification. Where this is
insufficient grounds, the consent of the data subjects must be obtained, clearly stating how and for
which purpose the data will be used. This includes data that are merely indicative of behaviour.
Then, those data can only be used for the stated purpose, and proper safeguards and means of
deletion must be in place. For the transfer of personal data between parties, data transfer
agreements outlining the transfer of responsibility must be established. These measures should
follow privacy-by-design guidelines from the outset®.

5> In this section, “data governance” is used to describe everything a data professional/manager must
do to ensure that data are secure, private, accurate, available, and usable [16].
6 https://gdpr-info.eu/issues/privacy-by-design/
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This section outlines a general methodology for establishing a data infrastructure and proper data
governance, including the processes required to implement them based on insights and past
experience from SCC projects’.

In the literature, several standard data governance frameworks have been proposed [17, 18, 19].
One in particular, “The five governance domains” by Khatri and Brown [17], is one of the most widely
cited contributions in data governance scholarship, offering a generic classification across five core
domains: data principles, data quality, metadata, data access, and data lifecycle. While these models
provide valuable theoretical foundations, many suffer from high levels of abstraction and a lack of
alignment with the iterative, operational nature of Monitoring and Evaluation (M&E) workflows,
particularly within the public sector. Accordingly, we propose to define a tailored set of six data
lifecycle steps designed to bridge theory and the operational realities faced in M&E projects,
especially those faced in public-sector:

1. Identifying goals and data sources

m  Obtaining permission or consent to use where required

Data collection, storage, and management
Data processing

m Data validation and cleaning
m Data curation
m  Normalization or contextualization

Data analysis and use
5. Data sharing and access

m Dashboards (power BI)
m  APIs for other applications

6. Data archiving and/or disposal

Without claiming that these are the most comprehensive steps, they do reflect the end-to-end
operational processes required in real-world M&E practices. The above steps include procedural tasks
(e.g., validation, contextualisation) that are often implied but not made explicit in standard models
yet critically influence the whole workflow. Moreover, they address the technical and interoperability
dimensions that support integration with decision support systems, which are rarely emphasized in
generic governance frameworks.

We have undertaken intentionally aligned the proposed stepwise data lifecycle with Khatri and
Brown’s data governance domains [17] to ensure that our approach remains grounded in widely
recognized governance principles while addressing the operational realities of M&E workflows. Each
step in the lifecycle, from goal definition and consent management to data archiving, maps onto one
or more governance dimensions (e.g. data principles, access, quality, metadata, and lifecycle
oversight). For instance, our emphasis on identifying goals and data sources corresponds to the
domain of data principles, data access, and metadata governance, which ensure data are collected
with purpose and properly described. The data processing step including cleaning, validation,
curation, and contextualization relates to data lifecycle and data quality governance. It helps ensure
that information is both reliable and fit for analysis. The step of data archiving and/or disposal
addresses lifecycle management directly.

The following subsections describe each step of the process in detail, including major components,
best practices, and other considerations. This is followed by a discussion on the potential risks

7 For further details on managing data throughout its life cycle for research and analysis purposes,
consult [20].
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involved in a lack of data infrastructure and governance. While this section aims to provide a generic
overview, specific case studies from the SCC projects are included to illustrate practical applications.

Figure 4 provides a generic architecture of the data governance framework of SCC projects in a data

pipeline manner.

The Data Management Team

Identifying goals and data sources

Obtaining permission or consent to use where required

g N\
Cuia tokecton; ‘ Data V':l:;:ﬂon and Cleaning
Storage, anc 2 Data Curation
management { s
Data sharing and access Data analysis and use
Impact
Assesments
Data archiving and/or disposal Data archiving
Data Disposal

External Sources and Users of Data/Analysis

Figure 4: Generic architecture of data governance and infrastructure in M&E

3.1 Identify goals and data sources

The goals of the data infrastructure and the sources of data should be identified at an early stage of
the process. This step is often overlooked but helps ensure that the purpose of the project or
development can be properly assessed. Furthermore, the expectations of relevant stakeholders must

be considered. At this stage of the process, data managers should decide:
m  The types of primary data that must be collected

m The hardware (sensors) and software that are needed

= Third-party or secondary data that may be necessary (e.g. weather data, demographic data,
market data) and whether these data sources are publicly available, or can be accessed later

in the project, or if they must be queried and stored in real-time

m The spatial and temporal granularity that is available (e.g. regionally, by building, daily,

weekly, hourly, etc.)
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3.1.1 Data sources

Data can originate from direct measurements within a project or from secondary data source. Some
possible sources of primary data include:

Internet of things (I0T) sensors

APIs

Third-party feeds/logs

Installed sensors

Survey data via interviews and questionnaire
Public sources

Social platforms and apps

3.1.2 Data quality management

While data quality methodologies have attracted significant attention in research, the actual quality
of collected data in practice still requires careful assessment [21]. Current practices underline the
need for improved data collection strategies to ensure reliable and actionable insights. According to
the Smart Cities Marketplace Monitoring Guide (2018) [22], high-quality monitoring data typically
stabilizes 18 months after interventions are completed.

To ensure meaningful monitoring and evaluation, data quality must meet several key criteria [23]
that can be summarized as follows:

Accuracy is essential, meaning the data must reliably reflect real-world conditions within an
acceptable error margin, focusing on avoiding data gaps.

Completeness ensures that all necessary data, such as energy demand, energy supply,
mobility patterns, and associated emissions, are available. Missing sensor data or gaps in
consumption records can distort analysis.

Consistency across different LHCs is critical, requiring harmonized formats and units. This is
critical for integrating data from diverse sources (e.g., building sensors, grid meters, mobility
data). Inconsistent data formats or definitions hinder unified analysis and KPI calculation.

Timeliness is also vital, whereby data must be updated at predefined intervals to support
real-time monitoring and responsive actions.

Reliability means that data sources are validated and traceable.

Validity: Data adheres to defined standards, formats, and working rules. Invalid data can
result in inaccurate analyses or even system failures, e.g., energy consumption data should
fall within expected ranges.

Relevance ensures that the collected data align with the calculation of the project’s KPIs,
support the evaluation of PED goals (e.g., energy surplus, GHG reduction, quality of life,)
and consequently promote an effective decision-making process.

Accessibility, referring to the availability of the data via an open data portal.

Interoperability: referring to the ability to access, exchange, interpret, and use data
seamlessly and meaningfully across diverse formats and sources. Within the context of
integrated solutions for PEDs, it means that data from various systems, e.g., building energy
management systems, mobility platforms, renewable energy installations, or city-level urban
data hubs, can be shared across systems and retains the same meaning even when
interpreted by different tools or stakeholders. Combined, such data should enable a holistic
view for monitoring and evaluation to inform and support decision-making [24].

Perfect data quality is unattainable, especially in complex urban energy systems with diverse real-
time sources such as IoT and smart meters. This means data quality management for PEDs must be
a continuous, adaptive process rather than a one-time exercise. A pragmatic approach is needed in
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which “good enough” thresholds are defined based on decision-making needs and data criticality.
Efforts should prioritize areas with the highest impact—such as energy balancing and system
interaction—rather than eliminating every minor flaw. This reflects the principle of continuous
improvement, which views data quality as an ongoing process of refinement.

3.2 Data collection, storage, and management

At this stage, secondary datasets are queried or acquired, and primary data collection
(sensing/monitoring) is deployed. Data are collected from diverse entities (e.g., heat and electricity
supply data from different providers) and various locations (e.g., buildings or districts in Lighthouse
Cities). This calls for mapping and aligning these data sources for accurate compilation and
traceability. It also involves proper indexing—such as by building ID or geolocation. The collected
and mapped datasets are organized and stored for efficient current and future use as well as
interoperability, which are key pillars for a data management and governance framework [25]).

3.2.1 Best practices

m Establish standardized data formats for the intake of data (eg. JSON, CSV). Consider the
size of each data intake and the disk space needed to accommodate the anticipated data
size. Secure the necessary server or disk storage space.

m Establish a contingency for lost data through redundant backups, online cloud hosting, or
other means. If online hosting is considered, ensure that no sensitive or private data are
stored on a potentially sensitive server, or that proper data security measures are in place.

m  Ensure that timestamping and data sources remain with the data before processing in order
to track duplicate or erroneous data in later stages.

m  Ensure that IDs, geolocation, or other identifiable aspects for each index of the dataset are
properly mapped to any related data. This may require a dataset dictionary (for example,
which meter ID corresponds to which building).

= Confirm that the units of measure are documented and as expected (e.g. MWh vs. kWh, m?2
vs. ft2)

= Apply appropriate data classification (sensitive, public, archive, etc.)

m Establish a protocol for data collection, storage, and exploitation. Clearly define the purpose
of the data being collected, defining for what, when, and how they will be used and who will
exploit them.

3.2.2 Governance considerations

In some cases, data generalization is necessary to comply with GDPR and protect individual privacy.
If sensitive data are to be collected, consider who the data managers of the raw collected data will
be at this point. This is also the time to determine what kind of aggregation or generalization
principles must be applied before providing access to the primary data collected. Additional
protections that a data manager might consider based on the constraints of the project include:

m  Encryption in storage or during transmission
= Compliance with privacy standards (GDPR and others)

m Limiting access to raw data (role-based access)
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3.3 Data processing

At this stage, the collected and stored data are further transformed, cleaned, or joined with other
datasets in order to integrate with other sources and fulfil other needs (dashboards, APIs, etc.). The
data manager may consider several actions with the datasets at this point.

3.3.1 Data validation and cleaning

At this stage, missing, erroneous, and inaccurate data must be identified and accounted for. Certain
sanity checks on the dataset should be carried out to identify problems with the dataset (or problems
with earlier parts of the data pipeline). Such checks may include:

= Ensure column data types (formats) are as expected

m  Ensure that the data adhere to the constraints of the physical world or the project. Examples
include:

m Age mustbe >0
m Start time must be before End time
m Meter ID must exist in the reference dictionary table
m There cannot be two readings for the same meter at the same timestamp
m Longitude and latitude values must fall within the regional scope of the site/city
m Energy generation must be >= 0
= No two respondents may have the same first and last name
m Identify missing data

Once the incoherent or missing data are identified, a protocol for handling these data must then be
administered, i.e. invalid data need to be taken out (as not-a-number), redundant data need to be
deduplicated, small gaps in time series can be filled (by interpolation), and large gaps should be
flagged.

3.3.2 Data curation

This involves strategies to address missing data, which may occur due to sensor failure, connectivity
issues, or server downtime. Given that measurements are conducted at different times and locations
by various entities, data gaps are common. Appropriate strategies—such as extrapolation, use of
complementary data sources, or data imputation techniques—should be implemented to ensure data
completeness. It is also advisable to maintain a record of valid datasets and time ranges to keep an
overview for further use. This includes records such as ownership information and the personal rights
attached to them.

3.3.3 Normalization or contextualization

One of the core objectives of normalization is to convert measured data into standard conditions to
enable meaningful comparison and evaluation, as well as to ensure data portability. Performance of
innovation measures is often assessed against a baseline. However, real-world performance can be
compared reliably only when context-specific influences are excluded. Therefore, measured
performance data must be normalized to a standard condition or to the design stage. This requires
identifying key variables/drivers that influence performance outcomes, such as climate, usage, or
technology used. Normalization helps identify deviations due to differences in design,
implementation, usage, local climate, and more. It also enables data interoperability and adaptability
to new conditions. The relevance and method of normalization depend on the type of KPIs used. For
example, energy-related KPIs are highly influenced by local weather and building usage patterns
(see 3.7.1 on the ATELIER project). This type of normalization requires specific adjustments to
exclude or interpret context-specific drivers. Some examples include

m  Climate condition: Corrections for local weather and climate enable standardization and
improve data interoperability. For example, heating or cooling demand in buildings can be
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normalized using Heating Degree-Days (HDD) and Cooling Degree-Days (CDD), which
consider factors such as solar irradiance (kWh/m?2) and outdoor temperature (°C).

User behaviour: Occupancy and building usage patterns significantly affect performance. For
instance, applying assumptions about progressive occupancy rates (e.g., 20%, 50%, or 90%
over time in a newly built PED) helps to account for transitional phases.

Technological factor: Adjustments may be needed to align data with general engineering
assumptions or standard operating conditions.

Economic factors: Economic variables may influence performance metrics, though details
should be specified depending on context (e.g. costs of the geothermal heating system
should be indexed by currency type and base year to allow for adaptation to different
currencies or years).

Environmental factors: Incorporating emission factors, such as those associated with grid
electricity, helps contextualize environmental impacts.

Unit conversions: Common unit conversions and standardized conversion factors should be
applied—for example, converting final energy consumption into primary energy. The product
environmental footprint (PEF) guide® proposes using a single score value, which is quantified
in points (Pt) or milli points (mPt) per DU. It allows all environmental results to be expressed
in a dimensionless unit that facilitates comparison between environmental indicators and
categories. The single score values are calculated using normalization and weighting values
[26, 27].

Temporal resolution: Data may be collected at varying temporal resolutions (e.g., hourly,
weekly, quarterly, annually). Appropriate aggregation or disaggregation techniques are
necessary to ensure consistency and comparability.

Table 1 provides a generic example of how different datasets can be compared through
normalization. Either the BEST table performance can be contextualized to reflect local conditions
using measured data, or alternatively, measured data can be normalized to standard conditions to
allow comparison with the Baseline or BEST table benchmarks.

Table 1: Stages of normalization/contextualization of PED performance (from the
ATELIER project)

for usage factors. With reference
climate, parameters & corrected for
energy exports.

Stages Stages Underling drivers
I Reference (as in BEST table| Based on general climate, usage, and
condition). conversion factors.
II Ref with corrections for climate. Corrected with actual/local climate and
weather data.
III Ref with corrections for usage | Corrected to (estimated) building usage
factors. (occupancy rate).
1V PED actual performance. As measured on-site.
\" PED actual performance corrected | Consider variations in the usage factors so
for usage factors. that the underlying performance can be better
compared with the baseline.
VI PED actual performance corrected | Corrects for energy exports so that the impact

arising from decisions at district development
levels are avoided.

8 PEF METHOD - European Commission
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3.4 Data analysis and use

The focus of data analytics is on evaluating and projecting performance under various climate
conditions, including:

Projecting actual performance under baseline conditions (i.e., pre-intervention climate).

Projecting baseline performance under actual conditions observed during the monitoring
phase (i.e., post-intervention climate).

Projecting both baseline and actual performance under standardized conditions.

3.4.1 Calculation of KPIs and impacts

Key performance indicators (KPI) are metrics that are derived using mathematical algorithms and
formulas tailored to specific project goals and conditions. These metrics provide insight into the
potential impact that a project has on the wider community. KPIs can span a range of aspects
including (but not limited to):

Technological: Covers the introduction, integration, and performance of energy, digital, and
infrastructure technologies.

Environmental: Measures the effects on emissions, resource efficiency, and ecological
balance.

Flexibility: Measures to assess the reliability to cope with fluctuations on the demand or
supply sides.

Economic: Concerns cost-effectiveness, local economic stimulation, job creation, and
financial sustainability.

Social: Concerns the influence on community well-being, quality of life, equity, and inclusion.

Regulatory: Concerns how projects align with or influence policy frameworks at various
levels.

Some examples from the literature and other projects are provided in Table 2.

Table 2: Examples of indicators across the various aspects

Aspect Metric (sample units) Equation

Technological Final energy consumption (kWh/yr)

Primary energy use (kWh_prim/yr)

Energy imported / exported (kWh/yr)

Renewable energy production (kWh/yr)

Net energy balance (kWh/yr)

Net Energy Ratio (NER) (Renewables / consumption)
Energy savings (%) (Energy saved / energy
reference) x 100
Self-Consumption Factor (SCF) (Local use of PV / PV
produced) x 100
Self-sufficiency (%) Local renewable used / total

PED demand) x100

Peak load reduction (%)

Storage usage (kWh)
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Demand-response capacity (kW)

Environmental GHG emissions (kg CO2-eq/yr) 2 (E_i x EF_i)

GHG reduction (%) (Emissions_baseline -
emissions_PED) /
emissions_baseline x100

Primary energy savings (kWh or % /yr)

Economic Investment (EUR)

Payback time (years)

Levelized cost (€/kWh)

Economic value of savings (€/tCO2,
€/kWh)

Social Energy poverty (%)

Awareness / participation (index or %)

Quality of life indicators (e.g. jobs created,
local services)

Regulatory Policy / regulatory index (qualitative)

Business model viability (qualitative)

The KPIs offer a good basis for assessing the performance of a Smart City or building renovation.
PED (Positive Energy District) monitoring requires a twofold assessment approach: Impacts are
assessed relative to business-as-usual scenarios, such as standard values, threshold limits, or
performance targets defined in national building codes or engineering practices.

Beyond reporting KPIs of SCC versus a baseline scenario, impact assessments may consider how an
SCC affects a wider set of goals. A non-exhaustive list of ideas for potential impacts that SCCs may
have is provided below. This list is meant to provide a range of ideas for potentially interesting
assessments and could draw upon quantitative and qualitative methods in various fields. The analyst
must determine whether or not the assessment is possible given the constraints of their project, the
method that should be applied, and consult the related literature on the assessment of interest.

Technological impacts

m Innovation acceleration: How SCC deployment and accompanying technologies affect
technology diffusion and RD&D through pilot projects.

m Intelligent energy management strategies: How novel methods can be applied or refined in
an SCC setting such as Digital Twins, smart grids, energy management platforms, predictive
maintenance, etc.

m  Renewable energy deployment: How SCC plays a role in promoting/facilitating the greater
deployment of renewable energy (solar, wind, batteries, etc.).

Environmental impacts

m  Circular economy promotion: How SCC deployment promotes local energy loops and material
loops versus conventional cities and districts.

m  Improved local environmental quality: Whether SCC deployment (or aspects thereof)
promote improved air, land, and water quality through measures employed (green
infrastructure, renewable energy deployment, etc.).

m Life cycle assessment: It may be essential to consider the full life cycle of a project from a
LCA perspective (see section 2.4) rather than focusing solely on the operational phase of
buildings. This approach helps to highlight shifts in environmental impacts across different
stages of the life cycle.

24



From data to decisions: Key lessons from the SCC project

Economic impacts

m  Property value: How does an SCC affect the value of properties both within and adjacent to
the area in the long-term?

m Local economy: Does SCC deployment have effects on the local economy such as attracting
investment or promoting small business growth?

Social impacts

m Increased comfort and health: How might the self-reported comfort or living quality of
residents in an SCC relate to health outcomes.

m  Improved safety: How are certain SCC aspects affecting safety such as smart lighting, early
warning systems, IoT, etc.?

Regulatory impacts

m Policy influence: How are policies in each jurisdiction affecting the ease (or difficulty) with
which SCC can be deployed?

m  Building reforms: How can SCC affect urban planning, zoning, or other building regulatory
aspects?

3.5 Data sharing and access

Efficient data sharing and access mechanisms are essential to maximize the value of urban data
infrastructures. As data move from collection to actionable insights, they must be made available to
relevant stakeholders—planners, policymakers, researchers, businesses, and citizens—in a secure,
user-friendly, and legally compliant manner.

Data sharing should be guided by a set of core principles: transparency, interoperability, privacy,
and equity of access. These principles ensure that data use respects individual rights while enabling
innovation and collaboration across sectors.

m Cities often develop secure internal dashboards (e.g., using Power BI or Tableau) to provide
near real-time insights to municipal departments. These dashboards allow different
municipal units to align their strategies using shared indicators (e.g., energy performance,
mobility trends, or social data).

m  Public-facing platforms can democratize access to datasets that are non-sensitive,
standardized, and anonymized. These platforms allow startups, researchers, and citizens to
engage with city data, often through downloadable files or APIs. Notable examples include
Helsinki’s City of Helsinki Open Data Service and Vienna’s Open Government Data Portal.

m  APIs enable real-time data integration into third-party tools, mobile apps, or simulation
platforms. By offering well-documented APIs, cities support innovation in sectors such as
transport (e.g., route optimization), energy (e.g., dynamic pricing), and environment (e.g.,
urban heat mapping).

3.6 Data archiving and disposal

Once data have been successfully used and/or will become useless/obsolete, the data manager must
consider whether disposal or long-term storage/archiving is necessary. Few data life cycle
management frameworks introduce the ‘disposal’ phase because they consider that, although no
present use for older/obsolete data is visible, they may become useful in the future [28]. There is,
however, a trade-off in the additional costs of growing memory capacity and other processing issues
of increasingly growing data volumes. At this stage a set of business rules should be established on
whether data will be archived or destroyed, and principles should be put in place for both end-of-life
routes.
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Archiving data refers to the long-term storage of data with potential future usefulness, and it
therefore should be separated from the stored data referenced in section 3.2. Specific principles
such as the age of the data collection, or the last date of the data’s use can help flag data that should
be considered for archiving. Three main operations are required for archiving: encryption techniques,
long-distance storage, and data retrieval mechanisms. Should the data become useful again, the
archived data will enter the data stream as part of the collection process [28].

Data that are flagged for deletion (similar indicators for data that should be archived can be applied
to flag data that may be deleted or disposed) must be handled carefully. This involves ensuring that
the data are no longer used in any processes relevant to the enterprise, and that only the
unnecessary or unwanted data are disposed. Rules and processes for disposal, especially sensitive
data, must be established to ensure the proper handling of end-of-life data.

3.7 Risks of a lack of data infrastructure and
governance

The recommendations and process provided above provide a general framework for assembling a
data infrastructure for the secure and efficient management of data for SCC or any data-driven
project. Failing to establish key decision criteria or processes for the parts of the framework
described in this chapter may result in several unwanted outcomes. These include, but are not
limited to:

m Privacy concerns: Sensitive or private user data may inadvertently become public or
accessible to unintended parties.

m Inefficiency: Other users may have difficulty accessing the data (due to formatting, improper
credentials, etc.) requiring intervention from data managers that involve time and cost to
rectify.

m Incorrectness and inaccuracy: Erroneous data may persist in the dataset if data cleaning,
validation, or curation is not done before making the dataset available for access. This can
lead to incorrect insights drawn from the data.

m Data loss or no data collected: May result from unclear data collection, storage, and
processing flows; from the agents in charge; from lack of standardized templates to
standardize the data collection and analysis system; or from lack of knowledge, time,
awareness, and work habits among external agents from whom data must be collected.

3.7.1 Data governance and infrastructure in the ATELIER project

In the ATELIER project, two PEDs were developed in Amsterdam and Bilbao. Their performance is
monitored using KPIs that cover a range of dimensions. The monitoring framework is based on a
six-stage data normalization process that allows comparing between the actual performance of the
PEDs and their design conditions (as per Table 1). A comprehensive life cycle impact assessment
tool for PEDs has also been developed and applied.
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ATELIER: PED in nutshell eLatelier

Amsterdam (The Metherlands)

Integrated monitoring approach
- Monitors & evaluates perfermance and impacts of
smmart solutions and integrated systems for the PED
demonstrators
¥ Actual perforrmance Vs reference/BEST table using KPI
» Archetype analysis to assess wider impacts &t oty scale
including life cycle assessment (LCA)

» Evaluation: Incorporate user perspectivesthrough surveys,
interviews, and stakeholder feedback to understand hehavioral
chanoes
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Figure 5: ATELIER: PEDs in a nutshell

A large share of the actual monitoring methodology is linked to energy-related metrics, which also
form the basis for assessing economic and environmental KPIs. PED performance is evaluated
against a baseline, as presented in the BEST table. The six stages of data normalization—each
addressing different phases of PED evolution—aim to assess deviations caused by changes in the
original design, modifications during implementation, real-world usage, adaptation to local climate
conditions, and other factors. These stages are primarily considered for energy and economic
assessments, while other KPIs are less influenced by such external factors.

Metered data are collected on heat and electricity consumption and production (including heat from
geothermal sources and heat pumps, solar PV, and import from the electric grid and district heat
network), as are data related to temperature, humidity, and carbon dioxide concentration. Emission
factors and meteorological data are obtained from secondary sources. Economic costs and revenues
are estimated based on publicly available tariffs and calculation methods, rather than on actual tariff
agreements (due to confidentiality).

The data infrastructure includes methods for data access and aggregation (in compliance with

GDPR), strategies for handling missing data, a comprehensive data repository that supports analytics
and data curation, a KPI calculator, and a visualization dashboard based on Power BI.
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Figure 6: Data infrastructure methods
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Key lessons learned include but are not limited to: Do not underestimate the complexity of data
access; do not wait too long for ideal data conditions; always have contingency plans to mitigate
risks, even for routine tasks or personnel changes; avoid overcommitting—be realistic rather than
overly enthusiastic, communicate clearly—partners outside your work package (WP) may be
responsible for data or KPIs.
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3.7.2 Data governance and infrastructure in the Smarter Together
project

The Smarter Together project implemented in the three Lighthouse cities (LHCs) of Lyon, Munich,
and Vienna a set of co-created and integrated smart solutions for a better life in urban districts.
Over the period 2016-2021, Smarter Together has implemented five clusters of co-created,
replicable, and integrated smart solutions covering (1) holistic refurbishment for low-energy districts
of public and private housing, (2) local renewable energies and district heating for low-energy
districts, (3) e-mobility solutions for sustainable mobility, (4) smart data-management platforms
and smart services for integrated infrastructures, and (5) living labs for citizen engagement and
stakeholder involvement in the established co-creation process within the 3 LHCs.

The implemented solutions were monitored using a novel integrated monitoring methodology (IMM)
following a co-creation process involving key stakeholders of the LHCs. The developed concept
comprises setting up the monitoring infrastructure, the automated process of meters-based data
collection, the transfer to and storage in the city’s data-management platform (DMP), and the final
step of data processing and KPI calculation. The setup of the monitoring infrastructure consisted of
measurement meters/sensors (for heat, electricity, gas, etc.) and related logistics for data
acquisition (M-Bus modules, signal converters, storage, and further transfer). The data were
subsequently collected automatically or semiautomatically using local data logger. In the next step,
the data were prepared for submission to responsible project partners for further processing,
evaluation, and calculation of related KPIs. Each step of the monitoring process met the technical
standards of validity, objectivity, and reliability while ensuring a structured, verifiable, and replicable
method of data collection, processing, and evaluation [29].

Integrated Monitoring and Evaluation Methodology ?géE%'THEER

Implementation Data cleaning Impact assessment -
-infrastructure &logistic- and processing & P2P process of LHCs-

kg ®
m}f&i%—)@_)ﬂﬁ KPIs — {3

Data Transfer KPIs calculation

>

Figure 7: Flow diagram of the integrated monitoring and evaluation process within
Smarter Together [29]

The collected raw data—received from the meter measurements in CSV format—underwent a
systematic plausibility and consistency check supported by visual and statistical routines to ensure
whether the meters were providing continuous data. Common failures mostly occurred during data-
gathering and transfer. These included formatting errors, comma errors, time gaps, and missing
values in a timeslot due to the interruption of meter reading. In the next step, the data were further
repaired and completed by interpolating missing time steps. Finally, the resulting cleaned data were
visualized for different time scales (hourly, daily, monthly, yearly) and further employed for KPI
calculation. The calculated core KPIs covered energy savings due to building energy-efficiency
measures, local renewable energy production, and CO, emission reduction. This was accompanied
by related social, economic, and governmental impacts achieved by the demonstration sites of the
three LHCs.

The three LHCs established smart data management platforms (DMP). They were designed to create
a common virtual ecosystem for sharing open and non-open data between authorized parties, and
to develop new services and applications accommodating the growing number of collected data sets
serving policy, governance, and citizen participation requirements when implementing and utilizing
the new digital services. In Vienna the DMP focuses on the energy, ICT, and mobility solutions in a
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smart neighbourhood emphasizing citizen engagement and governance. The Vienna DMP collects,
transfers, stores, exchanges, and visualizes data from various demonstration projects. Customized
models were developed to derive key performance indicators (KPIs) to help evaluate and interpret
gathered data. Specific applications utilize the smart infrastructure to facilitate interaction with
citizens through web and mobile applications.
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Figure 8: Overview of the Vienna data platform and central data management system
established within the Smarter Together project [30]

Based on the lessons learned from the three LHCs, the following key recommendations are
extracted:

m  Pursue holistic refurbishment that integrates building envelope improvements, local energy
infrastructure, and full retrofitting.

m  Engage city stakeholders early and continuously. Larger projects require coordinating
diverse actors, which makes structured and harmonized collaboration essential.

m Establish clear data flows and responsibilities at each demo site to enable prompt detection
and correction of data or sensor failures.

m Account for user behaviour because certain KPIs (e.g., energy use, indoor temperature) are
significantly influenced by occupant habits. Future projects should include qualitative
analysis to understand behavioural impacts on performance and outcomes.

3.7.3 Data governance and infrastructure in the oPEN Lab project

The oPEN Lab—Leading the Transition to Positive Energy Neighbourhoods—project is an EU-funded
project leading the transition to Positive Energy Neighbourhoods (PENSs) in Tartu (Estonia), Pamplona
(Spain) and Genk (Belgium). The three demo sites, through a living lab approach, are working to
integrate and operate innovative solutions at dwelling, at building and at district level.

The performance of the PEN that is under implementation is monitored with KPIs that cover different
dimensions such as economic, energy, environmental, societal, dissemination, and communication.
The steps to be followed in each phase of the process (collection, analysis, storage, sharing, and
archiving of data) were established by the normalized data processing system, enabling further
comparison between PENs. The reporting frequency for the KPIs was defined, as was whether a
baseline was required. In addition, for each KPI the scale of application (district, building), the unit,
the calculation formula, a short description of the KPI and its purpose were defined. Finally, each
case identified specific requirements in terms of data protection, data collection, storage, and

||
H BN
[ | 29



From data to decisions: Key lessons from the SCC project

sharing, considering local regulations and the ethics committees that apply in each case.

This project focuses not only on the operational phase of the PEN but also on the whole process for
its implementation and further development, relating this process to the level of development of the
PEN. Examples of the data collected include those related to the number of technologies, tools, new
projects, and business models that emerge from the activities conducted during the project for PEN
establishment. This project explores the use of citizens as data contributors, whereby efforts are
made regarding data literacy and local stakeholders being involved in the data monitoring and
analysis process. In this respect, special emphasis is placed on involving local agents and on
monitoring the participatory activities carried out, the tools used, and the number of agents involved.
The project also focuses specifically on environmental issues by analysing not only the environmental
impact of the neighbourhood during the operational phase, but also the embodied impact of the
implemented renovations on air quality. It also analyses building renovation flows, determining their
environmental and cost impact (LCA and LCC), as well as noise and dust reduction. The project
delves deeper into the LCA process at the district level, namely the aspects to be considered, the
calculation system, and the display to support the definition of a possible LCA protocol approach for
PEDs. To facilitate comparison between environmental indicators and categories, the single score
value proposed by the JRC within the product environmental footprint (PEF) guide, was implemented.
Furthermore, the project seeks to analyse the level of digitalization in the neighbourhood. Here,
values such as the level of readiness, accuracy of building heating and electric load forecasting,
generation forecasting, and storage utilization are monitored.

One of the key achievements in this process is implementing and testing the innovations in a specific
integrated approach to counter buildings that are inefficient according to the respective climate zone.
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Figure 9: Management of the energy data flow—Pamplona

Among these technologies, one example is the Energy Management System (EMS) platform, which
is key to data monitoring. In Pamplona, the web-based EMS is under development. Note in Figure 9
the signals integration, whereby the EMS at building level is connected with the Building Management
System (BMS), with the UDT and with the stakeholders in the SCC. The EMS allows different
stakeholders to collaborate more efficiently on energy management for multi-technology hybrid
power plants. It also enables DT to interoperate. The EMS optimizes the operation of these plants,
both technically and economically, on a single platform with data access and aggregation (in
compliance with GDPR). It offers a range of degrees of supervision, control, and management at the
building and neighbourhood level, depending on the client's requirements.

Smart EMS helps local microgrids run optimally at building and district level. The system is based
on data flows from Internet of Things (IoT) devices such as sensors, weather stations, and
interconnected energy assets, which communicate with the local EMS-Human Machine Interface
(HMI) at the edge of the network. This enables the local energy management of building energy
assets, helping to reduce transmission, storage, and data processing costs. Data from these devices
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are combined with data collected periodically from the BMS, which communicates with the local EMS-
HMI and operates the home automation systems. These data are processed by aggregating and de-
anonymizing them.

From a technical standpoint, the EMS framework is organization-centric, meaning it is designed
around the needs and structures of the organizations involved in each building and infrastructure.
In this context, the data level of approach involves the capacity to accommodate one or more
interrelated organizations. Each organization has the capability to host one or multiple plants (virtual
or real), and, within each plant, one or more assets can be technically configured and managed. For
this purpose, the EMS is equipped with the main functionalities required to manage data, including
the data of the configuration of organizations, power plants, and assets. The operation data of plants
and assets are available for the designated user roles. The following boundaries, restrictions, and
forecasting data are required for the optimization process and the provision of other services. The
process of tracing energy transactions uses blockchain technology. The reporting of monitoring data
is based on KPI results, whereby the aim is to assess the control operation of energy systems at the
building and neighbourhood level. Other data from the integration of external services and market
variables are also included. In the context of optimizing storage systems and managing controllable
demands, ensuring flexibility in service provision is of the utmost importance.

Some of the lessons learned during the monitoring process are: It is important to involve local agents
and especially citizens from the outset, making them part of the entire monitoring process; this
helps to avoid potential problems in data collection, such as sensors being disconnected or data not
being shared as accurately as possible. Efforts should also be made to maintain transparent
communication channels with local agents. A clear governance system adapted to the agents
involved is essential to ensure that the data collection, processing, display, and storage processes
are carried out correctly. Sometimes there is a lack of habit or knowledge on data collection systems,
making it is necessary to conduct training and follow-up activities to support these systems and
ensure accuracy.

3.7.4 Data governance and infrastructure in the PERSIST project

PERSIST is a Driving Urban Transition (DUT)-funded project that aims to gain a deeper
understanding into how socio-economic, socio-cultural, and socio-political factors influence the
development of PEDs and their interconnections with technological, regulatory, and investment
aspects in different geographical, cultural, and economic contexts. To achieve this, the project
outlines a global strategy for creating PEDs in urban areas, highlighting the importance of integrating
innovative solutions such as flexible energy technologies and energy storage systems to maximize
energy efficiency and reduce carbon emissions.

For monitoring purposes, a distinction was made between KPIs focused on the PED level, those
related to Living Labs activities deployed in PEDs, and those that could be from a specific project
developed in a PED. It also differentiates between the scale of application, e.g., the building versus
neighbourhood level. Support templates were created to normalize the data collection system and
provide support to the agents collecting the data.

Due to the nature of the project, the monitoring process focuses heavily on the social aspect, from
an economic and cultural perspective, as well as on the activities carried out by and the involvement
of local agents. Furthermore, special attention is made to disaggregating data by gender, which is
in line with the European Commission and the vision of the European Institute for Gender Equality
on this issue. In addition to the core KPIs presented above, the project also pays attention to actions
deployed within the PED framework. This included the number of energy coalitions (i.e. local energy
markets, P2P and/or P2X platforms for energy sharing and trading) that were formed and how they
relate to grid operators. It also emphasized the level of digitalization of the PED, as well as on the
creation of new jobs, local businesses, and community-driven energy projects and programs.

Among the lessons learned so far, the following can be highlighted: It is important to establish close
collaboration between the actors involved in monitoring the PED to ensure the accuracy of the
process and comparability with other case studies. The purpose of the data collected and how the
process will be conducted must be clearly defined, narrowing it to adequate, relevant data that are
limited to what is necessary in relation to the purposes for which they are processed. It is important
to limit the use of traditional surveys and use a more dynamic and interactive data collection system;
this is because, depending on the cultural context, stakeholders are tired of them and do not
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participate. If surveys are necessary, they should be short, precise, and include multiple-choice
questions to enable comparison of results.

3.7.5 Data sharing in the PEDvolution project

The European Union’s Data Spaces framework® promotes sector-specific, federated ecosystems
enabling secure and seamless data sharing across organizational boundaries. Within projects (e.g.
the PEDvolution project), this model is being applied to establish a domain-specific Data Space
supporting PED ecosystems. This leverages open-source solutions such as the Eclipse Dataspace
Components (EDC) to ensure interoperability and secure data flows among stakeholders.

In alignment with the common European data spaces initiative, PEDvolution is developing an
advanced Interoperability Platform designed to facilitate cross-sectoral data sharing under unified
standards and governance mechanisms. This contributes to the EU's digital and green transitions?°.

Advantages of Data Space Architecture driving the adoption of PEDvolution’s Data Spaces paradigm:

m Decentralization: Data remain at source points, shared securely without reliance on
centralized repositories, which minimizes latency and enhances real-time data exchange.

m Data sovereignty: Providers maintain full control over data-sharing policies, ensuring
compliance with GDPR and Swiss data protection laws through anonymization,
pseudonymization, and access control.

m Interoperability: Standardized protocols and semantic models facilitate integration, prevent
vendor lock-in, and simplify collaboration across heterogeneous systems.

m Scalability and flexibility: The federated architecture accommodates new participants and
data sources dynamically, supporting both scheduled and on-demand exchanges.

m  Trust and security: By incorporating federated identity management, encryption, and secure
communication channels, the platform safeguards data privacy and integrity.

= Vendor independence: Reliance on open-source frameworks ensures long-term flexibility
and reduces dependency on proprietary technologies.

PEDvolution is developing a Common Information Model (CIM) as a foundational component to
support both syntactic and semantic interoperability. Through syntactic interoperability, standard
data structures and formats (e.g., JSON, XML, CSV) facilitate consistent data representation across
systems. Moreover, semantic interoperability achieves a shared understanding of data meaning. This
domain-specific CIM provides a shared vocabulary and data structures to standardize data
representation and exchange. It also provides semantic definitions of key data concepts and their
interrelationships, enabling unambiguous communication across systems. This CIM builds upon and
extends widely recognized standards, including SAREF!!, SAREF4Energy®, SAREF4City, Energy
ADE'?, OMEGA-X CSDM!13, BRICK!4, and FlexOffer!> ontologies. Collaborative workshops with
stakeholders helped to map relevant data exchange workflows, identifying necessary customizations
and extensions. The identified data categories (e.g., building construction characteristics and
occupancy patterns, photovoltaic systems specifications, HVAC systems specifications, district
heating and cooling infrastructure, etc.) are semantically structured and converted into standardized
exchange formats (e.g., JSON, GeoJSON).

PEDvolution’s modelling efforts adhere to the following principles to maximize interoperability and
data reusability:

= Standards alignment: Leveraging established reference models and ontologies.

9 Interoperability in data spaces: Building Europe’s digital future | data.europa.eu

10 Green digital sector | Shaping Europe’s digital future

11 SAREF: the Smart Applications REFerence ontology

12 CityGML Energy ADE - CityGML Wiki

13 Omega-X - Orchestrating an interoperable sovereign federated Multi-vector Energy Data Space
built on open standards and ready for GAia-X

14 Introduction | Brick Ontology

15 FlexOffers - FlexShape Web Site
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m  Reusability: Prioritizing the use of existing semantic components (classes, attributes).
= Modularity: Employing loosely coupled ontologies to enable domain-specific profiling.
m FAIR data principles: Ensuring data is Findable, Accessible, Interoperable, and Reusable.

Data space connectors (for data providers and data consumers), as well as dedicated REST API
interfaces for these connectors, have been developed. These APIs enable secure, standardized, and
interoperable data exchanges between the data space and external systems. They form the
backbone for integrating distributed data sources. Security, privacy, and data usage control
mechanisms are integral to the data space design, ensuring authorized data sharing while complying
with regulatory requirements.

3.8 Conclusions

Data are a prerequisite for any monitoring program, whether it supports a PED or a specific
intervention implemented within an SCC project. The generic monitoring framework outlined in
Chapter 3 provides a useful overview for future prospective projects. Nonetheless, establishing a
standard approach is challenging due to the varying scope of monitoring efforts, data types, and
data sources. These differences stem from the nature of the data (e.g. generic vs. personalized) and
the specific type of impact assessment being performed.

In any monitoring program, data quality is critical. It must be well-indexed to ensure portability
within as well as across other programs or cities. Both primary and secondary data are collected
from diverse sources and must be properly mapped and indexed to ensure traceability and
interoperability. Best practices include using standardized formats, timestamping, maintaining data
dictionaries, and applying appropriate classifications. A clear data management protocol should be
established, defining data use, access, and storage. Governance considerations involve applying
GDPR-compliant measures such as data generalization, encryption, and role-based access to protect
sensitive information. This requires reliable data collection mechanisms and secure, accessible
storage systems capable of withstanding both technical failures and cybersecurity threats.

Data analytics plays a central role—not only in assessing the impact of a project but also in enabling
the repurposing of data to draw broader insights. One of the key outputs of data analysis is the KPI,
which is used to evaluate a project’s performance against its original goals and to support impact
assessments. Although all projects define KPIs to some extent, there is significant variation in both
the categories (e.g. energy, economy, environment, social, governance) and the level of detail within
each category. For instance, environmental impact assessments may range from simply accounting
for direct CO2 emissions within a PED to more subcategories that include indirect emissions from
imported electricity from grid or district heating. Some projects even apply life cycle assessment
(LCA) methodologies to capture emissions beyond national boundaries. Thus, the number of KPIs
varies significantly across projects. Importantly, the quantity of KPIs alone is not a measure of
project quality; KPIs must be interpreted in the context of each project's scope and objectives.

Beyond the individual projects, data sharing is a key element of the SCC initiative. Reusing
monitoring data requires normalization, i.e., converting site-specific data into standard conditions.
While some normalization steps are straightforward (e.g. adjusting heating demand per area based
on standard indoor/outdoor temperatures), others are more complex—especially when behavioural
factors come into play. For example, generalizing energy use in office buildings is challenging due
to variations in usage patterns, such as increased computer use for data storage. Nevertheless,
documenting the best available knowledge and methods is essential to improve future data
repurposing and facilitate cross-project learning

Finally, data sharing for broader applications must comply with the original data governance and
compliance protocols. This calls for exploring mechanisms for the long-term use and storage of data
beyond the lifetime of the project—an area that remains insufficiently documented. Additionally, it
is crucial to have clear procedures for securely destroying sensitive data after the project concludes.

The case studies presented in this chapter illustrate how monitoring programs are implemented
across diverse projects. Note, however, that this issue goes beyond the monitoring programs
themselves—differences in impact categories, data types, and data sources also highlight the
diversity of KPIs used across the projects.
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The sheer volume of data generated in modern urban environments presents both an opportunity
and a challenge. While information is abundant, the capacity to transform it into timely, targeted,
and actionable decisions remains limited in many cities. This chapter explores the pathways to bridge
that gap—highlighting the tools, methods, and governance frameworks that enable cities to translate
raw data into strategic insight. It positions data not as a technical asset alone, but as a governance
enabler requiring ethical safeguards, institutional innovation, and active citizen engagement. From
predictive planning with Digital Twins to collaborative policymaking through participatory platforms,
this chapter illustrates how data-driven governance can be made both smarter and more inclusive.

4.1 Why cities need actionable data

As cities face intensifying challenges—including energy transitions, climate risks, congestion, energy
poverty, and widening social disparities—their ability to make effective, timely decisions becomes
paramount. Yet the proliferation of urban data alone is not sufficient. The true value lies in
transforming this fragmented information into structured, forward-looking insights that can drive
governance.

Actionable urban governance requires integrated processes that not only collect data efficiently but
also translate it into strategic decisions. This transformation is both technical and institutional,
requiring cross-sectoral collaboration, inclusive processes, and scalable tools. By embedding digital
systems such as predictive analytics, scenario modelling, and immersive visualization into municipal
planning, cities can transition from reactive responses to anticipatory, evidence-based policymaking
[21].

4.2. Tools enabling predictive and participatory
governance

To operationalize the transition from fragmented data to strategic insight, cities require more than
just high-level awareness of the challenge. They need practical, scalable tools and frameworks that
support data-driven governance in real time. Section 4.2 introduces a suite of digital instruments
and participatory methodologies that enable this shift. From predictive models embedded in Urban
Digital Twins to civic data platforms that democratize access and decision-making. The following
subsections explore how technology and governance can be integrated to address complexity, foster
inclusion, and support anticipatory urban management.

4.2.1 Urban Digital Twins, Al & predictive analytics

Urban Digital Twins (UDTs), powered by predictive analytics and Artificial Intelligence (AI), represent
a transformative convergence of technologies aimed at converting urban data into actionable
governance insights. Urban Digital Twins can operate as live, data-integrated platforms that mirror
the real-time state of urban systems—including, among others, energy grids, transportation flows,
and environmental conditions. Predictive analytics harness historical and sensor data to forecast
outcomes, helping policymakers anticipate problems and allocate resources more effectively [31].
Use cases span:

= System behaviour prediction: Cities use sensor data and historical trends to forecast
traffic congestion, energy demand peaks, or air quality deterioration. By leveraging real-
time and historical datasets from urban infrastructure—such as traffic sensors, energy
meters, weather stations, and social platforms—cities can forecast complex system
behaviours with increasing accuracy. For instance, transportation planners can use mobility
data to predict traffic congestion during peak hours, enabling the deployment of pre-emptive
traffic management strategies [32]. Similarly, utility operators can forecast electricity
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demand spikes during extreme weather events, which allows for early adjustments in grid
load balancing. These predictive capabilities improve preparedness, reduce service
disruptions, and inform long-term urban planning.

= Operational optimization: Al-driven digital twins can regulate HVAC systems based on
weather or occupancy data, improving energy efficiency. For example, adaptive HVAC
control in buildings can integrate predictive insights seamlessly into automated systems to
optimize responses in real time [33].

m Scenario simulation: Simulations can test the impacts of congestion charges, zoning
reforms, or heatwave response plans before they are implemented. For example,
policymakers can evaluate the outcomes of proposed interventions before they are enacted.
Using digital twins or urban simulation platforms, cities can test the impacts of new
regulations—such as congestion charges, green building codes, or pedestrianization plans—
on economic, environmental, and social metrics. For instance, emergency planners can run
simulations of disaster scenarios such as floods or blackouts to assess infrastructure
vulnerabilities and response capacities. These simulations provide critical foresight and
support evidence-based policymaking while minimizing the risk of unintended consequences
[34].

The integration of Urban Digital Twins with AI and predictive analytics enables a broad spectrum of
innovations that support real-time governance. This ranges from forecasting system behaviour to
simulating complex urban scenarios and dynamically optimizing urban operations.

4.2.2 Participatory urban governance

While predictive tools such as Urban Digital Twins enhance foresight and operational efficiency, truly
resilient and inclusive governance also depends on the active involvement of citizens and
stakeholders throughout the planning and decision-making process. Participatory urban governance
can leverage interactive tools—such as digital placemaking, urban simulations, and augmented
reality (AR)—to meaningfully involve citizens in shaping their environments. These technologies
enable residents to co-design public spaces, explore planning scenarios, and influence policy
decisions in ways that traditional consultation models cannot. For instance, immersive digital twins
allow stakeholders to visualize redevelopment plans and propose alternatives, ensuring that diverse
voices shape the urban fabric. This approach strengthens democratic legitimacy, builds civic trust,
and fosters more inclusive and adaptive city-making processes [35].

4.2.3 Participatory data governance

Building on the role of participatory urban design, it is equally critical to establish governance models
that ensure transparency, accountability, and shared ownership of data throughout its life cycle.
Participatory data governance emphasizes that, beyond technical accuracy, the legitimacy and
effectiveness of digital governance depend on inclusive processes. This governance ensures that key
stakeholders—notably citizens, municipalities, utilities, and businesses—are engaged throughout the
data cycle, from sensing and reporting to interpretation and decision-making. Mechanisms such as
urban data trusts, civic data commons, and open-data platforms can promote shared responsibility
and accountability.

= Open data platforms & commons: These platforms serve as decentralized repositories in
which urban data—ranging from energy usage and mobility flows to environmental quality
and public feedback—are made openly accessible in standardized formats. By enabling real-
time access, interoperability, and transparency, open data platforms foster civic innovation,
support start-up ecosystems, and empower local decision-makers. Commons-based
governance ensures data stewardship is shared among city administrations, civil society,
academia, and private actors. Examples include municipal open-data portals, EU-funded city
data lakes, and cross-city knowledge exchanges facilitated through initiatives such as the
Smart Cities Marketplace and Living-in.EU. These commons are critical enablers of trust and
reusability, allowing data to serve the wider public interest beyond individual projects [36].

= Urban data trusts: These are structured legal and institutional arrangements designed to
manage urban data on behalf of a defined group of stakeholders—often including municipal
governments, utilities, private partners, and citizens. A data trust establishes clear rules for
data ownership, access, and usage rights. This helps ensure that sensitive information is
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handled ethically, transparently, and in accordance with public interest. By embedding
principles such as purpose limitation, consent management, and accountability, data trusts
help mitigate risks associated with misuse, surveillance, or commercial exploitation of urban
data. They act as trusted intermediaries, balancing innovation with citizen protection, and
offer a promising governance model for cities that are implementing complex, cross-sectoral
smart solutions [37].

m Civic interfaces: These interfaces are designed to serve as accessible digital or physical
touchpoints through which community members can engage in the urban data life cycle. Far
from being passive recipients, citizens contribute qualitative and quantitative data such as
location-based mobility preferences, infrastructure issues, or comfort levels in public spaces.
The tools for this are mobile apps, participatory mapping tools, or community dashboards.
These platforms also help residents to interpret outputs, explore simulation results, and co-
deliberate on planning scenarios. Importantly, civic interfaces foster two-way
communication. This ensures that urban policies are both informed by lived experience and
transparently communicated back to the public [38]. When well-designed, these tools
increase inclusion, trust, and legitimacy in digital governance processes.

4.2 .4 Visualization and communication interfaces

Complex urban data must be translated into comprehensible, actionable narratives to inform
planning and build trust. Visual and communicative interfaces—ranging from GIS dashboards to
immersive 3D digital twins—act as crucial intermediaries between data science and governance.
These tools enhance stakeholder understanding by rendering abstract metrics into intuitive visuals
that show trade-offs, risks, and possible outcomes. For example, digital twins of proposed
infrastructure projects allow planners, residents, and policymakers to explore different development
scenarios, evaluate environmental and social impacts, and collectively reach informed decisions
[39]. Such interfaces also serve as platforms for civic engagement. They enable two-way
communication that supports transparency, feedback loops, and co-creation in urban governance.

The convergence of predictive analytics, participatory processes, and intuitive visualization tools
establishes a strong foundation for cities to implement evidence-based, inclusive decision-making.
However, to ensure that such interventions are effective, scalable, and policy-relevant, cities also
require robust evaluation frameworks that can systematically assess impact and guide continuous
improvement. Example #1 below, featuring the USE framework [40], illustrates how structured
performance evaluation and stakeholder-driven monitoring can support urban governance across
multiple levels—from assessing project-level impacts to ensuring strategic alignment with EU-wide
sustainability objectives. The USE framework was developed within the EU-funded POCITYF16
project, which supports historic cities in becoming greener, smarter, and more liveable—while
preserving their cultural heritage. It offers a structured, stakeholder-driven methodology for
evaluating smart city interventions and aligning them with broader governance priorities and
sustainability objectives.

Example #1: Strengthening urban governance with the USE
framework, lessons from the POCITYF SCC project

Smart Cities and Communities (SCC) projects require clear and accessible evaluation frameworks to
assess the outcomes of targeted interventions—both in terms of project-specific goals and alignment
with broader city sustainability strategies and EU objectives. To meet this need, the Uniform Smart
City Evaluation (USE) framework was developed. USE enables a unified, easy-to-use approach for
assessing intervention effectiveness and long-term performance across four key dimensions: energy
efficiency, sustainability, smart management, and economic viability—even for non-experts.
Supported by an online platform, USE leverages a comprehensive set of Key Performance Indicators
(KPIs) and predefined Project Success Indicators (PSIs). Evaluations are conducted along three
axes:

1. Project Performance Index (PPI) - Measures the success of individual interventions
based on PSIs.

16ﬁttps://pocitvf.eu/, Grant Agreement N° 864400
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2. Sustainability Impact Index (SII) - Assesses multidimensional project impacts using a
broader set of KPIs across domains such as energy, economy, ICT, and mobility.

3. Sustainability Performance Index (SPI) - Provides a high-level evaluation aligned with
the UN Sustainable Development Goals (SDGs) and EU sustainability objectives. Evaluates
performance in four overarching sectors: resource efficiency, smart & reliable
infrastructure, quality of life & prosperity, and climate change mitigation & adaptation.

The USE framework supports decision-making for policymakers, investors, and urban planners by
offering a standardized, transferable method for assessing SCC interventions across diverse cities.
It also fosters early stakeholder engagement—including governance bodies, service providers, and
energy utilities—and raises public awareness of smart city impacts.
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Figure 10: The four phases of the USE methodological approach
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Figure 11: Input required for SII, SPI and PPI analyses

In order to simplify implementation, it operates via a web-based platform developed by CERTH and
includes features such as:

m  Secure user accounts with individualized workspaces (via Device authentication)
m CSV data uploads
m Data visualization, reporting, and post-processing tools

Indicators are normalized, weighted, and aggregated and are then integrated into eight smart city
dimensions: energy, environment, mobility, ICT, economy, society, governance, and propagation.

The USE framework supports urban authorities in transitioning toward sustainability by anchoring
decisions in robust, measurable, and inclusive Key Performance Indicators (KPIs). Key governance-
supporting elements of the USE framework include:

s Comprehensive KPI dimensions: The framework defines six evaluation dimensions—
technical, environmental, economic, social, ICT, and legal—ensuring that urban performance
is measured holistically across infrastructure, citizen well-being, digital integration, and
regulatory alignment.

m Stakeholder-centric approach: USE identifies and incorporates input from four main
stakeholder groups—DSOs, consumers, technology/service providers, and policymakers—
ensuring that governance reflects local needs, expectations, and expertise.

= Adaptive evaluation architecture: The framework establishes a multi-level evaluation
structure (from buildings to districts to entire cities), and incorporates thresholds based on
baselines, business-as-usual scenarios, or expert-defined targets. This supports real-time,
evidence-based monitoring and strategic agility.

m Scalability and replicability tools: USE’s KPI repository facilitates scalability and
transferability of smart solutions across cities. Legal KPIs help cities evaluate regulatory
flexibility, which is a critical bottleneck in smart technology deployment.

= Feedback and policy refinement: The bottom-up KPI aggregation model enables cities to
systematically assess outcomes at the project- and city-wide levels. This empowers
governance bodies to iteratively refine urban strategies and policy frameworks.
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The USE framework can transform smart city performance assessment into a replicable governance
tool, enabling data-driven policy, fostering transparency, and aligning innovation with citizen-centric
sustainability goals.

Use case #1: Lessons learnt from the Uniform Smart City Evaluation (USE)
framework applied in the RESPONSE SCC project

The RESPONSE!’ project aims to support the strategic vision of achieving climate-neutral smart cities
by 2050. It addresses the energy trilemma—security, affordability, and environmental
sustainability—by implementing integrated, intelligent energy systems at the building, block, and
district levels. By developing interconnected infrastructures, inclusive governance models, and
demand-oriented urban services, RESPONSE strove to transform energy sustainability from a long-
term ambition into a practical, scalable reality for European cities. The RESPONSE project enhanced
and applied the USE framework, showcasing how smart city solutions can be evaluated in alignment
with both local objectives and global sustainability goals. Although there is currently no universally

17 https://h2020response.eu/, Grant Agreement No.957751
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accepted standard for selecting Key Performance Indicators in smart city projects, the USE
framework offers cities the flexibility to tailor their evaluation approach by selecting KPIs that reflect
their specific local conditions, strategic priorities, and data availability. In the case of the RESPONSE
project, from an initial pool of 39 KPIs, the most relevant ones across the eight smart city dimensions
were selected based on expert input from 24 professionals. Similarly, the Sustainability Performance
Index (SPI) weights were customized and distributed across four key sectors—resource efficiency (8
KPIs), smart & reliable infrastructure (11 KPIs), quality of life & prosperity (4 KPIs), and climate
change mitigation & adaptation (4 KPIs). This was designed to help ensure that the evaluation
captured both project-level impacts and broader urban priorities.

To that end, the most appropriate of the project’s 39 KPIs were selected (across the eight
dimensions) based on expert feedback from 24 smart city professionals. Similarly, SPI weights were
distributed across the four sectors noted above:

1. Resource efficiency (8 KPIs)

2. Smart & reliable infrastructure (11 KPIs)

3. Quality of life & prosperity (4 KPIs)

4. Climate change mitigation & adaptation (4 KPIs)

This structured approach ensured comprehensive, comparable, and actionable results across various
projects and cities. However, a major challenge in applying the USE framework lay in the limited
availability, quality, and consistency of data required for accurately calculating many of the KPIs.
Smart city projects often depend on heterogeneous data sources, ranging from municipal records
and utility data to sensor networks and citizen surveys. Many of these may be incomplete, outdated,
or inaccessible due to privacy concerns, proprietary restrictions, or lack of integration across
systems. In some cases, especially those with constrained digital infrastructure or limited
stakeholder coordination, key data points (such as building energy use, transportation emissions, or
real-time mobility flows) may not be collected at all.

Additionally, differences in data formats, temporal scales, and measurement units across cities and
districts create further obstacles to comparability and benchmarking. Even when data are available,
they may not align with the standardized definitions or granularity required by the USE framework’s
KPIs. This can lead to potential misinterpretation or oversimplification.

These gaps make it difficult to generate reliable project performance, sustainability impact, and
sustainability performance indices, which can ultimately hinder decision-makers from drawing valid
conclusions or identifying effective interventions. Without robust, harmonized data collection
practices and cross-sector collaboration, the overall performance evaluation faces the risk of
becoming superficial or skewed. This limits the usefulness of the framework in guiding evidence-
based urban transformation.

To overcome the challenges associated with data unavailability and inconsistency in KPI evaluation,
a multi-pronged strategy was utilized in RESPONSE. First, cities and project stakeholders were asked
to prioritize the development of integrated data infrastructures—including open data platforms and
standardized data collection protocols. These infrastructures enable seamless access, sharing, and
interoperability across sectors. Collaborations between participating municipalities, utility providers,
private companies, and research institutions helped establish data-sharing agreements that respect
privacy and security while ensuring that critical datasets are accessible for evaluation.

In cases where real-time or high-resolution data were lacking, simulated estimates—calibrated with
available local information—were employed to fill gaps without compromising overall assessment
quality. Embedding these measures into the implementation of the USE framework significantly
enhanced the reliability, comparability, and long-term usability of performance evaluations.

Example #2: Data-driven district energy planning with Urban Digital
Twins: Lessons from the PEDvolution project
The PEDvolution!® project exemplifies how Urban Digital Twin technology can be harnessed to

accelerate the planning, design, and implementation of Positive Energy Districts (PEDs). It integrates
virtual modelling, real-time data monitoring, advanced analytics, and participatory stakeholder

18rﬁtps://Dedvolution.eu/, Grant Agreement No. 101138472
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interfaces. It also provides a comprehensive, interactive platform for optimizing energy strategies
at the district scale. The project was designed to support cities in navigating the complexities of
energy transition by enabling scenario testing, renovation planning, and evidence-based decision-
making—all while engaging local actors in shaping sustainable and cost-effective energy solutions.

The Urban Digital Twin planning tool from PEDvolution brings together four core components to
optimized district-scale energy planning:

1. Virtual modelling - Builds an Urban Building Energy Model (UBEM) of the district or city
using open-access data, enabling detailed spatial analysis of energy use and identification
of efficiency opportunities.

2. Monitoring & feedback - Ingests meter and sensor readings plus participatory inputs from
building users to validate and refine the digital model and tracks intervention measures.

3. Data analytics - Runs energy, environmental, and cost analyses alongside renovation
advisories and scenario testing to compare trade-offs and project outcomes.

4. Stakeholder interface - Provides an intuitive dashboard where planners, owners, and
community members can explore results, review financial and performance indicators, and
make informed decisions.

Together, these layers form a continuously calibrated, interactive platform that helps urban planners
fine-tune energy strategies, rapidly evaluate “what-if” scenarios, and engage stakeholders
throughout the decision-making process. As part of the PEDvolution project, a workshop was held
to gather feedback on Urban Digital Twin functionality from both building users/owners and PED
planners. Discussions highlighted user-centric needs, with key priorities identified for future tool
development. The following points summarize their key priorities:

m Detailed assessments of energy performance at the building level to inform decision-making.

m Clear, actionable recommendations with projections for energy savings and environmental
benefits.

m  Comparative analysis of multiple renovation scenarios to evaluate potential outcomes and
trade-offs.

m Features to facilitate step-by-step renovation plans, ensuring feasibility and adaptability over
time.

m  Access to critical information, including updates on relevant technologies, policy frameworks,
and regulatory requirements.

PED planners highlighted the importance of a tool capable of addressing complex and
interdisciplinary planning challenges. Their feedback emphasized:

m  Advanced modelling capabilities to explore various energy transition pathways under
different assumptions, which can help mitigate uncertainties in planning outcomes.

m  Seamless incorporation of inputs from urban planning, financial analysis, and energy system
design to support holistic decision-making.

= A robust framework to track KPIs aligned with sustainability, energy efficiency, and carbon
reduction targets.

By combining building-level and district-wide efficiency measures, the digital twin delivers clear
techno-economic insights showing the cost-effectiveness, savings potential, and trade-offs of various
strategies on individual- and neighbourhood-level approaches. This comprehensive approach
ensures that the planning and decision-making processes are based on reliable and data-driven
insights, ultimately helping create sustainable and resilient urban environments.
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Example #3: Citizen-centric digital twin deployment in Pamplona:
Insights from the oPEN Lab Living Lab

Within the oPEN Lab!® project, two public access tools have been developed in the pilot in Pamplona.
On the one hand, a 3D viewer of the neighbourhood was created. There, geolocated information is
shared on all the initiatives that have been or are being developed in the area in relation to the PED
(PV installations, energy and self-consumption communities, EV charging points, one-stop office,
etc.). On the other hand, a series of interactive maps were developed for data collection and data
visualization. These maps are fed by information shared by local agents. They address energy and
mobility issues in the neighbourhood. They collect data from users regarding their living conditions
(type of household, number of rooms and people living there, shared and private outdoor spaces,
etc.), their perceptions (level of comfort and desire for change in mobility), their behaviour (energy
consumption and daily routes), and identified mobility needs. One map was designed to enable
interaction with citizens when issues arise in the neighbourhood (power cuts, water cuts, noise, etc.)
due to construction work. This allows residents to respond to these events according to the level of
disturbance caused and comment on them. All the data shared are disaggregated by gender and

age.

Figure 13: Example of the interactive maps developed in the oPEN Lab Living Lab of
Pamplona for citizens’ mobility data collection and visualization. 2°

Figure 14: Example of 3D viewer for district energy activities display.2?

19 https://openlab-project.eu/, Grant Agreement No. 101037080
20https://rochapealivinglab.com/map
2lhttps://rochapealivinglab.com/viewer/
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4.3 Ethical considerations for digital twins

The growing use of Urban Digital Twins (UDTs) raises significant ethical concerns that intersect with
transparency, accountability, equity, and data rights. First, there is the risk of algorithmic bias,
where predictive models trained on incomplete or skewed datasets may reinforce existing social
inequalities in areas such as policing, housing, or mobility access. Second, surveillance concerns
emerge when urban sensors collect detailed personal data without adequate consent or
anonymization. Ethical digital twins must therefore incorporate privacy-by-design frameworks and
comply with data protection laws such as the GDPR. Third, the opacity of Al decision-making in UDTs
challenges civic oversight and democratic legitimacy. Ensuring explainability and auditability is key
to maintaining public trust [41]. Finally, ethical governance calls for inclusive stakeholder
participation in setting priorities, validating models, and deciding how outputs are used. A robust
ethical approach to digital twins must embed fairness, transparency, and inclusivity across both
technological design and governance structures.

The convergence of Urban Digital Twins, AI, and predictive analytics offers a powerful toolset for
evidence-driven urban governance. These systems facilitate anticipatory decision-making,
resource optimization, and inclusive stakeholder engagement. However, their efficacy hinges
on addressing key challenges: data interoperability, model validation, transparency in AI, and ethical
governance. Future research should prioritize real-world deployments, open-data standards, and
citizen-centric models to maximize impact.

4.4. Key takeaways and policy insights

Turning urban data into actionable governance requires interoperable digital ecosystems, ethical Al
design, and participatory engagement mechanisms. EU-funded initiatives such as RESPONSE,
POCITYF, PEDvolution, and oPEN Lab illustrate how cities can operationalize these principles
through real-world deployments. The USE framework, developed within POCITYF and applied in
RESPONSE, provides the necessary evaluation architecture to translate data from these tools into
meaningful governance insights. It allows cities to assess sustainability performance holistically—
across technical, economic, social, and legal dimensions—while tailoring KPIs to their specific local
contexts. PEDvolution demonstrates how urban digital twins can support scenario testing,
renovation planning, and integrated energy strategies at the district scale, while oPEN Lab
showcases the power of participatory mapping and 3D visualization tools to engage citizens and co-
create energy and mobility solutions. Collectively, these examples show that turning data into
governance is not only a technical task but also a systemic transformation. To scale these
innovations, policymakers must invest in modular platforms, legal harmonization, open data
standards, and institutional capacity-building. This is the pathway to ensure that data-driven
decision-making becomes the backbone of resilient, inclusive, and future-proof urban governance
across Europe.

By institutionalizing these practices, cities can transform data from passive inputs into engines of
proactive, citizen-centric governance. This means embedding interoperable tools, inclusive
engagement processes, and transparent legal frameworks into standard urban operations. Through
such integration, municipalities not only enhance their capacity for real-time decision-making but
also build resilient feedback systems that continuously adapt to evolving urban needs. This shift
supports long-term strategic planning, strengthens civic trust, and aligns local initiatives with
broader European goals for digital transformation, sustainability, and social inclusion.

Conclusion

To turn urban data into actionable governance, cities must go beyond the adoption of digital
technologies. They must invest in systems that are interoperable, ethically grounded, and
participatory by design. Urban Digital Twins, performance evaluation frameworks such as USE, and
stakeholder-driven interfaces offer tested pathways for embedding these capacities into daily
decision-making. Scalability, however, depends on institutional readiness, legal harmonization, and
continued investment in citizen trust and data literacy. By institutionalizing these practices, cities
can evolve into adaptive systems—where data not only reflect the present but actively shape a more
sustainable and equitable urban future.
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As European cities strive to become smarter and more sustainable, the ability to scale and replicate
successful urban innovations becomes increasingly critical. This ambition is often constrained by a
range of technical, institutional, and contextual challenges. The barriers to effective data-driven
decision-making are significant, ranging from fragmented data systems and legacy infrastructure to
regulatory complexity and social exclusion. This section examines these challenges in depth, drawing
on real-world examples from EU-funded projects to illustrate both the risks and the emerging
solutions. It also considers the role of data spaces and digital twins in enabling scalable smart city
models. A particular focus is placed on the BIPED project’s approach to interoperability, governance,
and capacity building.

The increasing reliance on data-driven systems in SCC brings both transformative potential and
pressing challenges, particularly in the areas of privacy, governance, digital ethics, and social
inclusion. Data management in SCC environments must address concerns related to privacy and
ethical data use, especially under frameworks such as the EU General Data Protection Regulation
(GDPR). These requirements demand transparency, informed consent, secure storage, and data
minimization. Implementing such safeguards becomes increasingly complex when digital urban
platforms collect and integrate personal, behavioural, and environmental data at scale. Principles
such as privacy by design and data sovereignty must be embedded early in system architecture to
maintain citizen trust and regulatory compliance.

Improving data governance and accessibility presents structural challenges, including siloed data
ownership, administrative complexity, and regulatory uncertainty. In the Smarter Together project
in Vienna, efforts to integrate energy, mobility, and housing data were hindered by fragmented
formats and inconsistent GDPR interpretations across departments. The city addressed these
obstacles by establishing a Data Governance Task Force, standardizing anonymization protocols,
and launching a data sharing charter. This promoted cross-sectoral data use while protecting
personal privacy. Similarly, in the RUGGEDISED project, which was implemented in cities such as
Rotterdam, Umead, and Glasgow, data governance was a core focus. Rotterdam developed a city
data platform with strong attention to GDPR compliance, whereas Rotterdam faced challenges in
balancing openness with business confidentiality in public-private partnerships. These cities
introduced data ownership agreements and ethical review mechanisms, which enhanced trust among
stakeholders and supported long-term scalability. Across SCC projects, solutions such as local data
stewards, federated governance models, and "comply or explain" frameworks have emerged as
practical approaches to align technical, legal, and institutional requirements. Promoting a “need to
share” mindset, supported by standardized metadata and interoperable formats, is crucial to ensure
innovation, transparency, and accountability.

Tackling data bias, inequality, and exclusion is equally vital. Biased or incomplete datasets can lead
to exclusionary policies, particularly when vulnerable groups are underrepresented in data streams.
For instance, mobility solutions based solely on smartphone data may neglect elderly residents or
low-income communities. In response, the ATELIER project in Amsterdam incorporated citizen-
generated data and conducted participatory equity assessments. This ensured that policy design
reflected a broader demographic reality. RUGGEDISED similarly emphasized social inclusion by
involving communities in the co-design of energy and mobility solutions. There, surveys and
analogue data collection methods supplemented digital gaps. These approaches highlight the
importance of inclusive, context-aware, and ethically guided data strategies in creating just and
effective smart urban environments.
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5.1 Technical and institutional barriers to
adoption/collection of data

From a technical standpoint, one of the most persistent challenges in smart city data adoption is the
lack of interoperability between systems. Many municipalities continue to rely on legacy
infrastructure that is not digitally integrated or standardized. This complicates the collection, sharing,
and analysis of data across departments and jurisdictions. The absence of harmonized data models
and connectors—such as those aligned with GAIA-X or IDSA frameworks—further restricts the
scalability and replicability of smart city solutions. Moreover, issues around data quality,
accessibility, and the integration of real-time data streams pose significant hurdles to informed
decision-making and operational efficiency.

Institutionally, regulatory fragmentation remains a major barrier. Cities still experience delays in
deploying innovative technologies due to the lack of streamlined regulatory pathways. These include
specific licensing processes for emerging solutions. Such challenges can be compounded by limited
early engagement with key stakeholders such as Distribution System Operators (DSOs), regulators,
and community groups. Early engagement is essential for aligning technical solutions with legal and
operational realities.

Finally, institutional capacity and expertise can vary widely across regions. Smaller or rural
municipalities often lack the technical personnel and financial resources required to implement and
maintain complex data systems. This disparity underscores the need for tailored support
mechanisms and capacity-building initiatives to ensure equitable smart city development across the
EU. Addressing these barriers requires a coordinated approach that includes investing in
interoperable digital infrastructure, establishing enabling regulatory frameworks, and sustained
stakeholder engagement to ensure that data strategies are both technically robust and institutionally
viable.

5.1.1 Technical barriers

= Legacy infrastructure: Cities face challenges utilizing outdated technical drawings that are
not available in digital format, complicating data integration and planning.

m Lack of standardisation: The absence of harmonized data models and connectors across
cities and platforms can limit interoperability and scalability.

= Data quality and accessibility: Ensuring consistent, high-quality data across diverse
systems can be a challenge, especially when integrating real-time data.

5.1.2 Institutional barriers

= Regulatory fragmentation: Cities often encounter delays due to the absence of
streamlined processes for testing innovative technologies such as regulatory sandboxing.

m Stakeholder coordination: Effective data collection requires coordinated efforts among
municipalities, regulators, DSOs, and community groups, something that is often lacking in
early project phases.

5.2 Contextualization and effective implementation
of data models to scales and environments

Contextualizing data to enable scalability presents a range of complex challenges, particularly
within the diverse and evolving landscape of smart cities. One of the foremost issues is the
heterogeneity of data sources, formats, and standards, which can hinder efforts to harmonize and
integrate information across regions.

Interoperability remains a persistent barrier because systems often lack the common protocols
necessary for seamless data exchange. Additionally, discrepancies in governance frameworks and
data policies—especially between local and national—can complicate the alignment of scalable
solutions. Resource disparities further exacerbate the problem, with some areas lacking the
infrastructure or expertise required to manage and contextualize data effectively. Coordinating
among a wide array of stakeholders, including public authorities, private entities, and citizens, adds
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another layer of complexity. This requires sustained engagement and clear communication.
Moreover, the dynamic nature of urban environments demands that contextual data be continuously
updated, which can be both technically demanding and resource-intensive.

Finally, ethical considerations around data privacy, transparency, and trust must be carefully
managed to ensure public confidence and long-term viability.

5.3 Lessons-learned from LHC projects: Take into
account the regional context between various
EU areas

+CityxChange (Positive City Exchange) was an ambitious smart city project funded by the European
Union’s Horizon 2020 research and innovation program under the “Smart Cities and Communities”
call. The project brought together seven European cities—Trondheim, Limerick, Alba Iulia, Pisek,
Sestao, Smolyan, and Voru—to explore innovative pathways toward becoming leading examples of
smart, sustainable, and energy-positive urban environments?2,

At the heart of +CityxChange (+CxC) was the development of Positive Energy Blocks (PEBs)—
clusters of buildings that produce more energy than they consume. These blocks served as the
foundation for scaling up to Positive Energy Districts (PEDs) and ultimately Positive Energy Cities.
The project delivered a suite of integrated solutions, including:

m Advanced decision-support tools to empower all stakeholders—citizens, businesses, and
local authorities—with data-driven insights for informed energy decisions.

m A comprehensive strategy for creating PEBs through a combination of energy efficiency
measures, local renewable energy generation, on-site energy storage, flexibility services,
and peer-to-peer energy trading.

m A dual-layered engagement model combining top-down leadership from local governments
with bottom-up citizen participation. This fostered awareness, education, and behavioural
change across communities.

Through collaboration, innovation, and inclusive engagement, +CityxChange laid the groundwork
for a new generation of cities that go beyond being merely smart and sustainable to also actively
contribute to a carbon-neutral future.

5.3.1 Data-driven decision-making

In the context of smart cities, data-driven decision-making is essential for effective planning,
implementation, and evaluation of urban interventions.

Challenges: One of the primary issues within the smart city sphere is the fragmentation of data
systems and the lack of interoperability between platforms. This complicates integrating data across
departments and cities.

Cities often struggle with limited access to high-quality, real-time data, which is crucial for
responsive and adaptive decision-making. The absence of standardized data models and the poor
technical capacity to interpret and act on data insights further exacerbate these issues. Moreover,
institutional barriers such as insufficient stakeholder engagement, unclear governance structures,
and regulatory constraints limit the ability to embed data-driven approaches into everyday urban
management.

Recommendations: To address these challenges, +CxC put forward several key recommendations:

m It emphasized the need to optimize data-driven problem-solving through a combination of
city-based programs and technical software support. This includes developing participatory
platforms that not only collect data but also foster trust by transparently sharing and
visualizing results and demonstrating how they inform policy and action.

22 Home - +CityxChange
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m  +CxC recommended enhancing policymaking by using decision support platforms and tools
that can synthesize complex datasets into actionable insights. For this purpose, a dashboard
was developed by the project (Monitoring and Evaluation Reporting Tool - MERT). It
showcased the data collected by the two LHCs and how they compared against KPI
benchmarks [42].

m It highlighted the importance of assisting local communities in navigating the evolving
regulatory landscape, ensuring that data governance frameworks are inclusive and
adaptable.

Conclusion: While data-driven decision-making holds an immense promise for smart cities, its
success depends on overcoming both technical and institutional barriers. By investing in
interoperable systems, fostering stakeholder collaboration, and creating a navigable regulatory
system, cities can unlock the full potential of data to drive sustainable and inclusive urban
transformation.

5.3.2 Regulatory landscape

Navigating the regulatory landscape emerged as one of the most complex and persistent challenges
in implementing smart city initiatives.

Challenges: A key issue for +CityxChange was the absence of cohesive national frameworks that
support innovation in energy systems, urban planning, and data governance. This fragmentation led
to inconsistent interpretations and applications of EU legislation (by both LHCs and FCs). The result
was uncertainty for cities attempting to implement Distributed Positive Energy Blocks (DPEBs) and
other smart energy solutions [43].

Cities such as Limerick faced significant delays in deploying innovative technologies like tidal turbines
due to the lack of streamlined regulatory pathways. This included the absence of a dedicated process
for testing and trialling new renewable energy technologies. Similarly, the formation of Renewable
Energy Communities (RECs) was hindered by unclear or underdeveloped legislation, which limited
community ownership and participation in energy projects. The lack of early engagement with DSOs,
regulators, and energy suppliers further complicated efforts to align technical solutions with legal
and operational frameworks.

Recommendations: To address these challenges, the project proposed several targeted
recommendations. First, it advocated the development of a structured workplan for early and
continuous engagement with DSOs, regulators, and energy suppliers. This would help identify
regulatory bottlenecks early and foster collaborative problem-solving.

m The project encouraged exploring alternative approaches to overcome regulatory delays.
These include pilot programs and regulatory sandboxes that promote experimentation in a
controlled environment. Smart city projects can initiate pilot programs through regulatory
dispensations (which were achieved by Trondheim in +CxC) that test smart city concepts
within the existing regulatory framework. These smaller-scale projects allow for
experimentation and data collection to support future regulatory changes.

m  The +CxC project partners also highlighted the importance of establishing cohesive national
frameworks that enable innovation, particularly in areas such as local energy markets,
flexibility services, and energy trading. These frameworks should provide clarity,
consistency, and support for pilot programs that test new models under regulatory
dispensations.

m The project recommended the use of case studies and knowledge-sharing platforms to
disseminate best practices and encourage regulatory adaptation across regions. Pilot
programs such as those implemented in Trondheim were cited as effective mechanisms for
demonstrating the viability of new approaches and building the case for broader regulatory
reform.

Conclusion: Overcoming regulatory barriers requires a proactive, collaborative, and context-
sensitive approach. By fostering early stakeholder engagement, advocating for enabling national
frameworks, and leveraging pilot projects to inform policy, smart cities can create a more supportive
regulatory environment that accelerates innovation and ensures long-term sustainability.
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As of mid-2025, 24 out of 27 EU Member States have submitted final updated National Energy
and Climate Plans (NECPs). These serve as the primary national frameworks for energy
trading, data governance, and community energy models [44]. This provides a solid platform to help
citizens and key stakeholders to navigate the regulatory landscape within smart cities and allow for
a standardized national approach that can feed into wider EU environmental goals.

5.3.3 Urban planning and infrastructure

Urban planning and infrastructure development are central to successfully implementing smart city
initiatives, yet they present a range of challenges that require careful navigation.

Challenges: One of the most pressing issues is the lack of integrated, high-quality data to inform
decisions about building retrofits, renewable energy installations, and infrastructure upgrades. Cities
often lack access to consistent datasets on building stock, energy performance, and occupancy
patterns. This information, however, is essential for identifying suitable candidates for retrofitting.
In Limerick, for example, the absence of detailed, digitalized data on historical Georgian buildings
complicated efforts to assess retrofit feasibility. Similarly, in Sestao, outdated technical drawings
stored in non-digital formats created delays in project planning and data sharing [45]. These
examples highlight the broader issue of legacy systems and fragmented data sources that hinder
data-driven urban planning.

Recommendations: Cities should adopt structured data assessment frameworks—such as those
outlined in the EU Energy Performance of Buildings Directive—to guide decisions on retrofitting and
infrastructure investment. These frameworks help evaluate buildings based on technical, economic,
and functional feasibility, ensuring that data collection efforts are aligned with planning needs.

In addition, the +CityxChange project emphasized the importance of digitalizing and standardizing
building and infrastructure data to support interoperability and long-term planning. This includes
creating digital inventories of building characteristics, energy usage, and retrofit potential, which
can be used to prioritize interventions and track progress against key performance indicators (KPIs).
Integrating data into Bold City Visions (BCVs) and similar urban development plans is crucial. BCVs
help cities identify and address key opportunities and actions on their way towards becoming smarter
and more sustainable. The framework incorporates the process of creating a city vision and goals
that situate the ambition of creating Positive Energy Cities within the cities’ overarching strategic
planning and management processes?3. Trondheim and Limerick, for example, used data to inform
their BCVs, aligning local infrastructure goals with broader sustainability targets such as the UN
SDGs. This alignment ensures that data are not only collected but also meaningfully applied in
strategic planning.

Conclusion: Unlocking the full potential of data in urban planning and infrastructure requires
investing in digital infrastructure, standardizing data collection practices, and integrating data into
long-term planning frameworks. By doing so, cities can make more informed, equitable, and
sustainable decisions that accelerate the transition to climate-neutral urban environments.

5.3.4 Shifting from a cost-based outlook to a value creation focus

The +CityxChange project underscored the importance of shifting from a narrow cost-reduction
mindset to a broader, data-informed value-creation approach in smart city planning. Traditionally,
decisions around energy and infrastructure investments have been driven by short-term financial
metrics such as capital expenditure and payback periods. However, this approach often fails to
capture the full societal, environmental, and long-term economic value that data can help reveal.

Challenges: One of the biggest challenges in relation to implementing smart city initiatives is the
cost to citizens. This is highlighted by an Economic & Social Research Institute (ESRI) report which
found that an Irish government [46] policy of installing thousands of electrically powered heat pumps
in homes could increase power costs by up to 46%. The high cost of retrofitting residential homes
makes it a significant challenge. These upgrades can also be disruptive to residents. One way to
overcome this is by adopting a co-creation model, which shifts away from traditional host-owned
approaches and distributes costs across multiple stakeholders. This helps prevent any single group
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from bearing the full burden. Alongside this model, it is essential to highlight the broader benefits
of smart interventions.

While cities such as Limerick faced high costs in retrofitting heritage buildings, data collected through
community engagement, behavioural change initiatives, and monitoring tools revealed significant
non-financial value. This included increased public awareness, social cohesion, and future readiness.
Similarly, in Trondheim, data from Positive Energy Block (PEB) projects were used to quantify
environmental and economic returns, helping to build a compelling case for continued investment
and replication [47].

Recommendation: To support this shift, the project recommended embedding data collection and
analysis into every stage of project planning and evaluation. This includes using data to track not
only energy savings and return on investment (ROI), but also indicators related to social impact,
environmental performance, and community engagement.

Furthermore, the project advocated for developing digital tools and dashboards that make these
data insights accessible to stakeholders—from policymakers to citizens. By visualizing the full
spectrum of value generated by smart city initiatives, cities can move beyond cost-centric narratives
and foster a more inclusive, evidence-based approach to urban transformation.

Conclusion: Cities continue to encounter challenges in applying smart city measures, particularly
in persuading residential property owners to install equipment. I In Limerick, for example, retrofitting
of historical Georgian buildings could not be completed due to regulatory issues and the associated
costs.

One of the key learnings from the +CxC project was the need to focus on showcasing societal value.
This aligns with a wider trend of moving away from solely considering the financial performance, to
a more holistic “triple bottom line”%4,

5.4 Challenges and risks for scaling and replicability
in smart cities: The role of data spaces in BIPED

The BIPED (Building Intelligent Positive Energy Districts) project, funded under the Horizon Europe
programme, is a forward-looking initiative that contributes to the EU’s broader sustainability and
climate objectives. A key innovation of the project lies in its use of local digital twins—virtual models
that enable planners and stakeholders to simulate and optimize various aspects of urban life,
including energy flows, environmental impact, social dynamics, and economic factors. This holistic
approach distinguishes BIPED from traditional energy modelling, which often fails to account for the
complex interplay between social and environmental systems.

The project is currently being piloted in Gellerup, a neighbourhood in the Brabrand district of Aarhus,
Denmark. Its aim is to demonstrate the feasibility of PEDs in a real-world context, with the intention
of scaling the approach to other European cities

Scaling and replication in the smart domain and solutions is a major challenge both technically and
contextually. One major challenge is the variety of urban environments. Here, differences in
infrastructure, governance models, regulatory frameworks, and socio-economic environments can
hinder the transferability of solutions from one city to another. Interoperability between legacy
systems and modern technology also pose significant barriers which require (sometimes costly)
integration efforts. A critical underpinning of successful scaling is data quality; without reliable and
standardized data, smart city solutions cannot function effectively or be adapted to new contexts.
Poor-quality data undermines decision-making, whereby inconsistent formatting and fragmented
datasets hinder interoperability. Additionally, data privacy and cybersecurity concerns can limit the
willingness of key stakeholders to adopt smart city solutions. Moreover, financial constraints
(particularly in smaller municipalities) further complicate scaling smart city solutions, as does the
lack of standardization in metrics for evaluating impact and success. Stakeholder engagement and
public trust are critical to the scaling and replicability of solutions but are difficult to maintain,
especially when scaling initiatives that impact daily life and public services. In the BIPED project,
the consortium addresses this by aiming to connect the BIPED solution with relevant data space
communities—collaborative ecosystems that facilitate secure and standardized data sharing across
sectors and geographies.

24;he Triple Bottom Line: What It Is & Why It's Important
[
[ | 49



https://online.hbs.edu/blog/post/what-is-the-triple-bottom-line

These communities are critical for two reasons:
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= Technical enablement: They provide frameworks and tools that support the management,
accessibility, and interoperability of BIPED's data.

= Strategic expansion: Engagement with these communities is essential for testing the
scalability and replicability of BIPED beyond its initial pilot city.

Perspective

1.Top-down
alignment

2.Bottom-up
contributions

3.Aspect-wise
considerations

Focus area

Aligning with
existing
standards and
infrastructure

BIPED’s
contributions to
data space
ecosystems

Cross-cutting
themes relevant
to scaling and
replicability

Table 3: Data space communities framework

Details

Adoption of data space building blocks (e.g.,
GAIA-X, IDSA)

Evaluation of data connectors (e.g., IDS
Connector, Eclipse DataSpace Connector)

Compliance with Minimum Interoperability
Mechanisms (MIMs) such as MIMO (data
accessibility) and MIM2 (data models)

Potential integration with SIMPL middleware

Alignment with Dataspace Support Centre
(DSSC) guidance

Engagement with OASC LDT-MIM Working
Group

Collaboration with the INSIEME Project
(energy data space)

Sharing of advanced models (e.g., energy
systems, building performance, risk
assessment)

Offering software platforms and tools as
reference implementations or plug-ins for
interoperable ecosystems

Governance: Defining data access, usage
rights, and responsibilities

Security: Implementing robust access
control and data protection
Consideration of semantics, legal

frameworks, user engagement, and
sustainability, depending on consortium
capacity

BIPED’ s project results strongly focus on the replicability and scalability of the results by offering
an impact assessment roadmap, blueprint & pathways for replication, a handbook with transition
recommendations, and a training kit to support the BIPED Digital Twin Solution. Key features of
BIPED’s commitment to enhance the deployment of transferable solutions to other EU Mission cities
include:

1. Modular design: Develop solutions in modular formats that can be easily adapted to
different urban contexts, inclusive of different data models, platforms, APIs.

2. Open standards & interoperability: Use open data standards and interoperable
technologies to ensure other cities can integrate BIPED solutions with their existing
infrastructure.
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Pilot & partner cities: Collaborate with a diverse set of cities to pilot BIPED solutions,
documenting outcomes and lessons learned to inform replication.

Guidelines: Create comprehensive roadmaps and recommendation handbooks to support
other cities in their journey towards climate neutrality.

Capacity building: Offer training, webinars, and workshops for city officials and
stakeholders to build local capacity for implementation.

Monitoring & evaluation Frameworks: Establish clear KPIs and impact assessment
tools to demonstrate effectiveness and support scaling decisions. M&E frameworks
supported by well-defined KPIs play a crucial role in helping to exploit and replicate smart
city solutions. By capturing performance data across socio-economic, climate, and
regulatory dimensions, these frameworks help to identify what works, under which
conditions and why. KPIs tailored to local contexts can guide adaptation strategies for
different urban environments. Robust M&E enables evidence-based decision making,
supports scalability by demonstrating impact, and fosters stakeholder confidence, thereby
facilitating the transfer of innovations across cities.

Achieving scalable and replicable smart city solutions demands more than technical innovation—it
requires a holistic strategy that integrates governance, community engagement, and contextual
adaptability. The insights drawn from projects such as +CityxChange, RUGGEDISED, and BIPED
underscore the importance of modular design, open standards, and robust data governance
frameworks. Importantly, success also hinges on empowering local communities through capacity
building and fostering trust through transparent, inclusive processes. As cities across Europe
navigate diverse regulatory landscapes and socio-economic realities, a shared commitment to
ethical, interoperable, and citizen-centred data practices will be essential in driving meaningful and
sustainable urban transformation.
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A turning point in urban transformation

Cities are at a defining moment in their journey toward sustainability, resilience, and climate
neutrality. The findings from the preceding chapters make one truth clear: urban transformation is
not solely about technology deployment. It is also fundamentally about governance, vision, and
leadership.

Leadership, openness, and long-term thinking

Strong and forward-looking leadership is essential. Transformative change requires openness—
sharing data, insights, and lessons learned—and a commitment to long-term strategies that go
beyond political cycles. This involves fostering cross-departmental collaboration, creating
institutional stability, and mobilizing stakeholders around shared goals. Such an approach builds
public trust, strengthens decision-making, and ensures the durability of complex initiatives.

The strategic role of data in urban transformation

Data is the foundation for intelligent, evidence-based governance. Whether addressing mobility
challenges, enhancing climate adaptation, or enabling energy flexibility; it's high-quality and
interoperable data that drive innovation. Robust monitoring frameworks, clear KPIs, and life-cycle
assessments provide the tools to accurately measure impacts. Investments in data literacy,
harmonized standards, and secure governance structures are necessary to ensure that data are used
ethically and effectively.

From digital tools to intelligent systems

Digital technologies such as Urban Digital Twins, evaluation frameworks, and citizen-centred
platforms deliver value only when underpinned by strong governance and institutional readiness.
Intelligent systems are characterized by the seamless integration of data into everyday decision-
making, the use of interoperable platforms, and the safeguarding of citizen privacy. Achieving this
requires harmonized legal frameworks, capacity building, and ongoing public engagement.

Call to action for stakeholders

Urban transformation is a continuous process, not a one-off project. Cities must integrate leadership,
data, technology, and citizen engagement into a dynamic system capable of adapting to future
challenges. We call on policymakers, city leaders, industry, and civil society to:

= Champion systemic strategies over isolated interventions.

= Invest in robust, open, and secure urban data ecosystems.

m  Foster citizen trust through transparency, inclusivity, and ethical governance.

m Collaborate across cities and regions to share tools, knowledge, and standards.

By embracing these principles, cities can transition from fragmented initiatives to cohesive,
equitable, and future-ready urban ecosystems—where intelligence lies not only in technology but
also in the way cities think, act, and evolve.
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