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Abstract: With the increasing demand for sustainable urban development, smart cities have emerged
as a promising solution for optimizing energy usage, reducing emissions, and enhancing the quality
of life for citizens. In this context, the combined use of key performance indicators (KPIs) and data
analytics has gained significant attention as a powerful tool for promoting energy efficiency and
emissions reduction in urban areas. This paper presents a comprehensive conceptual framework
in which a series of KPIs are proposed to serve as essential metrics for guiding, monitoring, and
assessing energy efficiency and emissions reduction levels in smart cities. Some of the included
KPIs in the analysis are ‘annual energy consumption per person’, ‘reduction in greenhouse gas
emissions’, “‘public transport use’, and ‘adoption of renewable energy’. By incorporating these KPIs,
city planners and policymakers can gain valuable insights into the effectiveness of sustainability
initiatives. Furthermore, the paper explores how the integration of KPIs with data analytics can be
used for monitoring and assessing the overall performance of the city in terms of energy efficiency,
emissions reduction, and the enhancement of urban living conditions. Visualization tools, such as
radar plots, and time series analysis forecasting methods allow data to be processed and patterns to be
identified, enabling informed decision-making and efficient resource allocation. Real-life case studies
of ongoing smart city projects are presented in the paper, which also provides a KPI comparison
among different European cities, as well as models to forecast the evolution of KPIs related to energy
usage and emissions reduction in different European cities.

Keywords: urban areas; energy efficiency; emissions reduction; key performance indicators; data
analytics

1. Introduction

The intersection of rapid urbanization and climate change has sparked a surge of
interest in smart cities. These urban environments leverage cutting-edge information
and communication technologies, empowering data-driven solutions [1]. By addressing
local sustainability challenges, the concept of smart cities strives to facilitate the urban
transition. Central to this transition is the strategic and efficient utilization of resources,
promoting sustainable development and a reduced ecological footprint. In this context,
energy and sustainability emerge as pivotal focal points, as cities endeavor to create resilient
environments [2]. To effectively monitor and assess policies aimed at urban transformation,
it becomes essential to establish performance indicators that drive energy-saving and
zero-emissions initiatives across transportation, mobility, and urban design domains. This
research centers on identifying the diverse dimensions of sustainability critical to the
development of smart cities. Through well-defined strategies and initiatives, these cities
can achieve environmental friendliness, social inclusivity, and economic viability. These
interconnected dimensions constitute the foundation for effective policy evaluation in
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urban transformation, especially concerning energy efficiency and emissions reduction
goals in transportation, mobility, and urban design.

This article presents research conducted within the framework of the UP2030 project,
a European initiative focused on defining performance indicators to aid pilot cities in
their transition towards achieving climate-neutral objectives (https://up2030-he.eu/about-
project/, accessed on 26 August 2023). These transitions rely on both social and technologi-
cal transformations to drive sustainable change. The project adopts the ‘5UP” methodology,
which encompasses update, upskill, upgrade, upscale, and uptake approaches. The UP2030
project involves ten pilot cities. Each pilot city possesses a unique storyline and faces
specific challenges that need to be overcome to attain its climate-neutral targets. Accord-
ingly, this paper presents a review of KPIs in such modern urban areas. A comprehensive
conceptual framework based on the cities’ storyline is unveiled, proposing KPIs as essential
metrics for guiding, monitoring, and assessing energy efficiency and emissions reduction
in urban areas. Through the incorporation of these KPIs, city planners and policymakers
gain valuable insights into the efficacy of sustainability initiatives. The following study
begins with a literature review of KPIs related to urban energy consumption and emissions.
Different cities are compared with respect to the selected KPIs in each of the economic,
environmental, and social dimensions. This comparison between cities is performed using
radar graphs. In addition, the values of the KPIs recorded over time are used to forecast
their trend in the future. By applying forecasting models (e.g., the Holt model), energy
consumption trends are projected up to 2026. These predictions form the basis for several
discussions on the potential impact of proposed strategies.

The rest of the article is arranged as follows: Section 2 reviews how energy efficiency
and emissions reduction have been previously addressed in the scientific literature. Based
on the previous review, Section 3 proposes a list of KPIs that can be employed in the
Economic, Environmental, Social, and Governance dimensions of modern urban areas.
Section 4 provides a short overview of the two pilot projects being developed in the cities
of Granollers and Milan, while Section 5 describes the methodology employed for selecting
the KPIs in each city. Section 6 shows a comparison among different European cities
regarding a selected subset of KPIs. The use of statistical tools for forecasting KPI values is
illustrated in Section 7. Finally, the main conclusions of this work are presented in Section 8.

2. Related Work on Urban Energy Efficiency and Emissions Reduction

Energy efficiency and emissions reduction constitute relevant dimensions in the es-
tablishment of urban areas that align with sustainable development goals. The United
Nations sustainable development goals emphasize the significance of sustainable transport
and cities (https:/ /sdgs.un.org/goals, accessed on 26 August 2023). As urbanization inten-
sifies and the number of vehicles and mass production increase, the urgency to develop
cities that cater to current demands while safeguarding resources for future generations
becomes essential [3]. Hence, the pursuit of energy-saving and zero-emission policies plays
a key role in designing these sustainable cities. These policies must encompass various
aspects, including transport, mobility, and urban design, to foster a holistic approach to
sustainable development. Smart cities have emerged as a promising solution to address
various sustainability challenges. Toli and Murtagh [1] conducted a comprehensive review
of smart city definitions, revealing two primary themes. One set of definitions empha-
sized the integration of humans and infrastructure to create a sustainable city, focusing
on sustainability-oriented goals. Alternatively, other definitions underscored the role of
information and communication technologies (ICTs) in enhancing the overall quality of
life within urban areas. Based on their analysis, the aforementioned authors proposed a
definition that views smart cities as an urban transformation concept dedicated to achieving
environmental sustainability while simultaneously enhancing the quality of life for citizens.
This transformation necessitates the collaboration of multiple stakeholders to establish the
essential infrastructure and enable the city’s sustainable evolution. It is in this context that
the significance of effective urban planning cannot be overstated, as it forms the foundation
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for establishing sustainable urban environments. Urban planners leverage a variety of
design elements and tools, including streetscape [4], transportation systems [5], urban
design [6], and the integration of ICTs. The combination of these urban elements, coupled
with smart approaches, energy-efficient solutions, and sustainable principles, contributes
to significant energy savings. Intensive use of ICTs is key for: (i) efficient data collection
and processing (including sources such as sensors, smart devices, and databases), which
allows for a comprehensive assessment of energy usage and emissions in urban areas [7];
(ii) real-time monitoring of energy efficiency and emissions; (iii) the use of advanced data
analytics tools in order to uncover valuable insights and patterns within the data; (iv) the
development of predictive models to forecast future trends in energy usage and emissions;
and (v) integration with KPIs. Of course, intensive use of ICTs also raises some challenges
related to data privacy and security [8], the cost of installing sensors and software de-
velopment, guaranteeing data quality, interoperability with existing systems, and ethical
considerations related to the use of data analytics and surveillance technologies in urban
areas [9].

The realization of sustainable cities depends upon the seamless integration of renew-
able energy solutions. In pursuit of this goal, Thellufsen et al. [10] presented a comprehen-
sive approach for transitioning cities to sustainable paradigms. Their approach centered
around five key aspects: (i) sustainable biomass utilization; (ii) addressing transportation
needs; (iii) sustainable industrial practices; (iv) maximizing the share of variable renewable
energy sources; and (v) effectively balancing energy demand and supply. As part of their
recommendations, they advocated for the integration of wind and photovoltaic power
to enhance renewable energy capacity. Furthermore, the deployment of smart devices,
particularly smart grids, assumes a crucial role in the development of smart cities. Smart
grids serve as a dynamic platform to integrate diverse energy resources, be it renewable
or conventional, in a manner that reduces environmental impact [11]. The establishment
of a sustainable city relies on fostering sustainable transportation and mobility, which
are essential for facilitating residents’ daily movement. Prioritizing public transportation,
integrating carsharing and ridesharing solutions [12], investing in electric vehicles’ infras-
tructure, and promoting cycling and walking all contribute to a significant reduction in
greenhouse gas emissions. Researchers have been exploring viable alternatives to fossil
fuels in vehicles, such as electricity or hydrogen, to enhance sustainability efforts fur-
ther [13]. By efficiently planning and integrating transportation elements, urban mobility
can be significantly improved. Furthermore, waste management assumes a crucial role in
sustainable city development, necessitating the adoption of innovative solutions to reduce
waste generation. Waste management strategies encompass recycling, energy conversion,
incineration, and composting [14]. Embracing a circular economy approach encourages
resource re-utilization and recovery, leading to reduced waste generation and minimized
reliance on new raw materials. Water resources also merit consideration within the context
of circular economy principles [15].

Likewise, ICT forms a critical enabler for data-driven solutions and decision-making
processes. The integration of information and communication technologies presents un-
precedented opportunities for sustainable transformation. The convergence of the Internet
of Things (IoT) and data analytics offers real-time insights that can redefine urban mobility
and transportation. The ability to collect and process data on energy utilization, emissions,
and mobility patterns empowers decision-makers to implement effective policies, shape
behavioral changes, and drive efficient urban transformation. By leveraging the potential of
these technologies, cities can optimize energy use and curb emissions, while ensuring seam-
less and accessible mobility for their inhabitants. Similarly, systems powered by artificial
intelligence offer smart management capabilities that empower informed decision-making
in various domains, further supporting the sustainable development goals of smart cities.
By leveraging ICT, data analytics, and intelligent algorithms, cities can optimize resource
allocation, develop less pollutant mobility and transportation systems, enhance energy
efficiency, and implement more effective waste management strategies [16].
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One of the foundational pillars of urban sustainability is the regulatory framework
that guides and supports energy efficiency and emissions reduction projects. Policies
and regulations at local, national, and international levels play a critical role. Thus, for
instance, Letnik et al. [17] investigates the policies and measures for sustainable urban
freight transport in European cities. Their analysis of 129 cities reveals a varied landscape
of logistics and mobility planning policies, with an emphasis on softer, cost-effective
measures. Similarly, Krause et al. [18] explore options for reducing CO, emissions in
European road transport by 2050, with a focus on improving vehicle efficiency. The study
emphasizes technical feasibility but highlights the need for policies, energy considerations,
and fuel properties for a comprehensive analysis. The authors of [19] examine the impact
of economic policy uncertainty and clean energy consumption on CO; emissions in France
from 1987 to 2019, considering urbanization and economic growth. Grafakos et al. [20]
focus on the integration of mitigation and adaptation actions in urban climate change plans.
These authors examined 147 climate change action plans from European cities and found
that most plans show a ‘moderate’ level of integration.

In a different dimension, economic incentives, market mechanisms, and financial in-
struments are integral components of urban sustainability initiatives. This encompasses an
exploration of incentives, subsidies, and market-based approaches that drive investments
in clean energy, green technologies, and sustainable urban infrastructure. Hendrickson
et al. [21] present a framework for sustainable community development, emphasizing the
integration of economic, social, and environmental considerations in municipal policy mak-
ing. They examine how the economy affects unsustainable development in local areas and
propose a typology of market mechanisms to align community development policies with
sustainability principles. Bertoldi et al. [22] investigate financing schemes for energy reno-
vations in buildings to advance sustainability goals. They review traditional and emerging
financial models, including property tax financing, on-bill financing, energy efficiency
mortgages, feed-in tariffs, and crowdfunding, assessing their benefits and challenges.

Smart city initiatives are not solely driven by technological advancements but also
by the active engagement of communities and citizens. These include community-based
programs, public awareness campaigns, and collaborative decision-making processes.
Hence, Cardullo and Kitchin [23] discuss the influence of neoliberal ideals on citizen partic-
ipation and citizenship within the smart city context. Finally, Camboim et al. [24] explore
the essential elements that contribute to making a city smarter, drawing insights from
literature, expert interviews, and smart city projects in cities like Amsterdam, Barcelona,
Lisbon, and Vienna. The findings suggest that a smart city is characterized by an urban
innovation ecosystem where knowledge flows through deliberate interactions among di-
verse stakeholders, supported by flexible institutions, integrated—participative governance,
digital-green infrastructure, and functional urban design.

3. A Classification of KPIs in Transportation, Mobility, and Urban Design

In modern urbanization, the need for addressing pressing challenges—such as green-
house gas emissions and the interplay between human well-being and the environment—
has led to the rise of smart cities. Central to this concept is the recognition that urban
transport plays a key role in shaping the trajectory of environmental impact and overall
quality of life [25]. A critical aspect is the selection and application of KPIs, which tran-
scend the boundary between smart cities, sustainable mobility, and urban design. KPIs
encapsulate a comprehensive perspective, reflecting the intertwined facets of a sustainable
city, encompassing elements such as environment, energy, mobility, ICT, citizen well-being,
economy, and governance. These metrics offer a global view of a city’s progress toward
climate targets and quality of life enhancements. As quantifiable measures of success, KPIs
measure the impact of electric mobility, advocate for uniform standards, and guide strategic
decisions for more resilient and efficient urban transformations.

Drawing insights from diverse sources [26-37], an exhaustive review has identified a
range of KPIs integral to the domain of sustainable cities. These KPIs span across various
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categories, offering a structured way to assess progress and challenges. In cases where
thematic labeling is absent, a thoughtful categorization based on shared characteristics en-
sures a cohesive and comprehensive analysis. Thus, Tables 1-4 show these categories in the
following dimensions: Economic, Environmental, Social, and Governance. In the Economic
dimension, the categories are ICT infrastructure, water and sanitation, waste, electric sup-
ply, transport, buildings, and urban planning. Each of these categories includes a number
of KPIs dedicated to the Economic dimension. Similarly, the Environmental dimension
include air quality, water and sanitation, energy, and environmental quality categories.

Table 1. Selected list of Economic KPIs (the X’ clarify if they belong to “Transportation and Mobility’,
to "Urban Design’, or both).

Category

Indicator Transportation and Mobility Urban Design

ICT Infrastructure

Robust protective infrastructure

Flexible infrastructure

Water and Sanitation

Effective sanitation

Basic water supply

Waste

Municipal waste rate

Electricity Supply

Local renewable electricity production

Access to electricity

Transport

Diverse and affordable transport networks

XIX[IX| XXX | XXX

Effective transport operation and maintenance

Dynamic public transport information

Traffic monitoring

Intersection control

Public transport network

Public transport network convenience

Bicycle network

Transportation mode share

Travel time index

Shared bicycles

Shared vehicles

Low-carbon emission passenger vehicles

Non-polluting vehicles

Road vehicles

XIX|I XXX XXX XXX XXX XX

Smart parking spaces

Buildings

Public building sustainability

Buildings with high energy efficiency rating

Urban Planning

Pedestrian infrastructure

Green areas

Green area accessibility

XX | X | X

Appropriate land use and zoning

XIX|X|X| X[ XXX

Urban energy sustainability plans
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Table 2. Selected list of Environmental KPIs (the ‘X’ clarify if they belong to “Transportation and
Mobility’, to “Urban Design’, or both).

Category Indicator Transportation and Mobility Urban Design
Air pollution X X
Air Quality

GHG emissions X X

Water consumption X

Water and Sanitation

Water pollution X

Renewable energy consumption X X

Energy Electricity consumption X X

Fossil fuel X X

Environmental Quality Noise exposure X X

Table 3. Selected list of Social KPIs (the X’ clarify if they belong to “Transportation and Mobility’, to

"Urban Design’, or both).
Category Indicator Transportation and Mobility Urban Design
Robust protective infrastructure X
ICT Infrastructure
Flexible infrastructure X
Effective sanitation X
Water and Sanitation -
Basic water supply X
Waste Municipal waste rate X
Local renewable electricity production X
Electricity Supply
Access to electricity X
Table 4. Selected list of Governance and Propagation KPIs (the "X’ clarify if they belong to “Trans-
portation and Mobility’, to "Urban Design’, or both).
Category Indicator Transportation and Mobility ~ Urban Design
Organization Effective systems to deter crime

Multi-level Governance

Smart city policy

Scalability and Replicability

Effective coordination with other government bodies

Factors of Success

XX XX

Diffusion to other locations

Notice that the role of KPIs extends beyond transportation and mobility, since they
are equally relevant in the sphere of urban design [38,39]. The confluence of human health
and the environment has prompted a redesign of urban spaces, advocating for solutions
that enhance both individual well-being and broader ecological balance. KPIs act as
navigational tools for urban designers, guiding decisions that promote not only sustainable
mobility but also holistic urban environments [40-42]. In this context, the selection of KPIs
that resonate with the unique objectives and values of each community becomes relevant.
By capturing elements such as walking behaviors and health outcomes, KPIs can shape
urban areas that foster safe and active lifestyles [43]. In essence, the synergy between
smart cities, sustainable mobility, and urban design encapsulates a holistic vision of urban
transformation. The harmonious interplay of these domains, guided by KPIs, sets the stage
for resilient and efficient cities [44].

4. Case Studies Involving Real-Life Urban Areas

Granollers, a town located in the metropolitan region of Barcelona, is one of the
pilot cities within the UP2030 initiative, standing at the forefront of sustainable urban
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development (https://up2030-he.eu/unique-city/granollers, last accessed on 26 August
2023). As a pioneering participant, Granollers has played a relevant role in the early stages
of this project, actively engaging in an ongoing and collaborative partnership aimed at
comprehensively understanding the city’s unique requirements and priorities. This close
and continuous relationship has been instrumental in laying the foundation for a robust
and tailored approach to advancing urban sustainability. The pilot study area focuses on
the La Bobila sector, an undeveloped neighborhood located behind the railroad tracks
and the passenger and freight station. This sector has faced historical challenges due to
the presence of this infrastructure. In this scenario, Granollers is committed to achieving
climate neutrality through the Covenant of Mayors and is working on the creation of Low
Emission Zones and safe and healthy school environments. In the context of the UP2030
project, Granollers establishes a robust strategy for the reinterpretation and regeneration
of the city’s neighborhoods. The strategic plan is oriented towards achieving sustainable
urban prosperity and an adaptive response to the challenges of climate change. With
a human-centered approach, climate neutrality in neighborhoods is prioritized, while a
harmonious connection between different zones and neighborhoods of the city is sought
through a green axis. The need to overcome infrastructural barriers, especially railways,
is identified, proposing solutions for urban permeability to integrate this new sector with
the rest of the city. Additionally, the incorporation of newly developed zones dedicated to
vital facilities is considered, including sectors such as healthcare, education, sports, and
well-being, reinforcing the comprehensive and progressive character of the initiative. At
the heart of this cooperative exploration lies the process of distilling the essential KPIs that
holistically encapsulate Granollers” sustainable urban objectives. As an example, Table 5
shows the KPIs selected by the project consortium for measuring the Environmental and
Energy dimensions.

Table 5. Selected list of Environmental and Energy KPIs.

Category Indicator

Air pollution

Air Qualit
Y GHG emissions

EMF exposure

Environmental Quality Noi
oise exposure

Consumption of renewable energy

Electricity consumption

Energy Residential thermal energy consumption

Public building energy consumption

Adequate affordable energy supply

Another city involved in the UP2030 project is Milan, Italy. In the face of global chal-
lenges, Milan has made far-sighted commitments, such as reducing its CO; emissions by at
least 40% by 2030 and achieving carbon neutrality by 2050 (https://up2030-he.eu/unique-
city/milan, accessed on 26 August 2023). However, the real challenge lies in translating
these commitments to a more tangible scale, reflecting them in regeneration projects that
transform the essence of the city. A flagship project in this regard is the Porta Romana
Railway Yard and Park, destined to be the 2026 Winter Olympic Park. The Porta Romana
area has never been residential but, in the last 10-15 years, the surrounding industrial
and artisanal areas have undergone major urban regeneration, with the construction of
the Prada Foundation in 2015. The neighborhood lacks public green spaces, making Porta
Romana a valuable asset to the community. The challenge is to transform this pilot project
into a connection point for the southern suburbs with the central and northern parts of
Milan. This space, historically marked by an abandoned railway line that has segmented
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the city, is destined to be a symbol of cohesion and regeneration. Milan is moving forward
with the vision of aligning these regeneration projects with ambitious goals, such as the
decarbonization of buildings, the promotion of resilient communities, the implementation
of a circular economy, and the integration of nature-based solutions. In addition to plan-
ning, Milan highlights the need for effective measurement and evaluation of KPIs. These
KPIs not only monitor the progress and effectiveness of initiatives, but also guide strategic
decisions and periodic adjustments when needed. As an example, Table 6 displays the KPIs
selected in this city for measuring the Economic and Environmental dimensions.

Table 6. Milan—selection of Economic and Environmental KPIs.

Category Indicator

Air pollution

Air Qualit
¥ GHG emissions

Public building sustainability

Integrated building management systems in public buildings

Buildings
Appropriate codes, standards, and exposure mapping
Buildings with high energy efficiency rating
Pedestrian infrastructure
Green areas
) Green area accessibility
Urban Planning

Urban development and spatial planning

Appropriate land use and zoning

Urban energy sustainability plans

EMF exposure

Environmental Quality No
oise exposure

5. Methodology for Selecting KPIs

This research is developed in the context of the UP2030 Horizon Europe project, which
includes very large cities such as Istanbul (Turkey), medium-large cities such as Belfast
(UK), Milan (Italy), or Lisbon (Portugal), and small-medium cities such as Granollers
(Spain), among others. Notice, however, that while there is a core set of KPIs for all these
cities, non-core KPIs are selected for each city based on its characteristics and the specific
pilot project it is developing. Thus, in order to track the transitions of the pilot cities in the
UP2030, its main goals should be identified. Pilot cities vary in their history, current status,
and specific climate-neutral targets. The defined approach in this work consists of three
main steps. The first step analyzes the pilots and identifies their main goals. This step is
essential to get to know the pilots and their storylines. During the duration of the project,
the pilots define their storyline and identify their targets, which trigger the challenges. In
the context of the UP2030, three pillars are identified: (i) decarbonization; (ii) resilience;
and (iii) a fair transition. According to the analysis of the pilot storylines, the dimensions to
be considered in this work were defined as: (i) economic; (ii) environmental; (iii) society
and culture; (iv) governance; and (v) propagation. In each dimension, several categories
are included. Each category represents an aspect of interest to be monitored. In Figure 1,
dimensions are distinguished according to the used shading. In addition, the figure shows
the impact of these categories on the project pillars: decarbonization, resilience, and fair
transition. The ‘social inclusion’ category impacts the three pillars, while the ‘electric
supply’ category is related to decarbonization.
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Figure 1. The distribution of categories with respect to the defined dimensions.

Each category includes several KPIs. An aggregated list of KPIs is constructed, in-
cluding all potential KPIs to be used in the next steps to extract KPIs for each pilot. For
each pilot, its profile and KPI list are defined. The profile depicts the categories shown
in Figure 1. Firstly, a pilot profile is identified reflecting the pilot storyline. The KPI list
is finalized after a discussion with cities to ensure the availability of capacity and data
needed to measure the KPIs. These KPIs are classified as core KPIs and pilot-specific KPIs.
On the one hand, the core KPIs reflect the project’s goals and are common among the
pilots. These KPIs are essential to evaluate the aforementioned goals. On the other hand,
the pilot-specific KPIs target the monitoring of changes in pilots corresponding to their
specific targets. Each city has its specific KPIs and some of these KPIs could be shared
with other cities having similar targets. In summary, the selection and classification of KPIs
are based on the following criteria: (i) the specific context of the research project, which
is focused on urban sustainability, energy optimization, and emissions reduction; (ii) the
completion of a literature review to identify established practices and KPI frameworks used
in similar research areas and projects; (iii) the project’s overarching pillars (decarbonization,
resilience, and a fair transition) also served as a guiding framework for classifying KPIs;
(iv) city-specific considerations (non-core KPIs were selected for each city based on its
specific context, climate-neutral targets, and ongoing pilot projects); (v) the availability
of data and capacity in cities to measure and report on specific KPIs (the selected KPIs
were finalized after discussions with city representatives to confirm data availability); and
(vi) the interconnectedness of KPIs, since some KPIs might impact or might be correlated
to others.

6. KPI Measurements in European Urban Centers

In the preceding sections, an extended framework of KPIs was established to assess
social, economic, and environmental aspects within cities. This section presents empirical
data reflecting the actual measurements of some of these KPIs across four big European
cities: London, Milan, Madrid, and Paris. Table 7 illustrates the values associated with some
relevant KPIs (Table A1 in Appendix A shows the public sources from which these values
were obtained). These data serve as a foundation for the analysis and comparison of the
cities” performance in social well-being, economic growth, and environmental sustainability,
offering a holistic assessment of each city’s progress.
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Table 7. Environmental, Economic, and Social KPI measurements.

KPI London Milan Madrid Paris
Electric consumption (kWh/hab per year) 3860.05 4992.00 4363.00 5400.00
Percentage of renewable electricity production (country’s mix) 39.60 36.00 48.40 25.30
Percentage of fossil fuel electricity production (country’s mix) 45.40 59.00 28.60 19.00
Water consumption (1/hab/day) 144.40 234.00 129.00 120.00
Greenhouse gas emissions (tons CO, eq/hab) 7.86 4.08 2.40 10.44
Road vehicles (car/hab) 0.30 0.54 0.56 0.30
Bike line lengths (m/1000 hab) 40.30 162.72 40.33 462.74
Shared bikes (bikes/100,000 hab) 133.00 401.00 232.00 925.00
Municipal waste (kg/hab per year) 779.00 341.00 370.00 489.00
Food insecurity (% of population) 16.00 5.47 11.50 6.30
Fatal accidents (deaths) 75.00 87.00 20.00 100.00
Access to electricity (% of population) 100.00 100.00 100.00 100.00
Social affordable housing (% of houses) 20.70 N/A 2.39 24.20

In order to provide a visual representation that facilitates comparison among the
aforementioned cities, three radar plots are provided next. Due to the different units of
measurement of the KPIs, the Z-score is computed for each of them, with the exception of
the KPI “Access to electricity’, which holds a constant and maximum attainable value across
all cities. Figures 2—4 show the environmental, economic, and social KPIs, respectively. The
radar plots allow for a concise and comprehensive overview of how each city performs in
each KPI as compared with other similar cities in Europe. Thus, for instance, according to
this data it can be seen that London seems to perform better in terms of electric consumption
(kWh/hab per year) than other European cities, while Madrid seems to excel in the use of
renewable electricity production. Similar conclusions can be derived from analyzing the
figures in detail.

This segment transitions from the theoretical conception of the KPI indicators into
tangible numbers through real-world data from the specified cities. Anchoring the analysis
with empirical measurements, accompanied by radar plots, yields a comprehensive under-
standing of London, Milan, Madrid, and Paris” performance across some of the presented
indicators and offers a baseline of comparison for future analysis over the years.

Renewable electricity

Fossil fuel electricity

Electric consumption

Water consumption

Greenhouse gas emissions

——London == Milano Madrid == Paris

Figure 2. Radar plot of Z-scores for Enviromental KPIs.
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Bike lines lenghts

Shared bikes Road vehicles

Municipal waste
—— London —— Milano Madrid = Paris

Figure 3. Radar plot of Z-scores for Economic KPIs.

Fatal accidents

Access to electricity Food insecurity

Social affordable housing

= London = Milano Madrid = Paris

Figure 4. Radar plot of Z-scores for Social KPIs.

7. Time Series Analysis on KPIs

Having the ability to collect historical data that assess the evolution of the city’s
performance for some KPIs allows anticipating potential trends in future values based
on the current urban policies in place. An effective approach for this task involves the
application of time series models, which utilize sequential KPI measurements to fore-
cast future values. Time series models are based on well-known statistical techniques
designed for the analysis and prediction of data points that evolve over time. These
models consider the temporal sequence of data, aiming to identify underlying patterns,
trends, and seasonal variations. A good introduction to time series analysis can be found
in Montgomery et al. [45]. Among these models, Holt’s double exponential smoothing
(DES) is used when there is a trend but not seasonality in the data [46]. This method
expands upon simple exponential smoothing by introducing a trend component alongside
the basic level component. This augmentation facilitates the capture of linear trends within
the data. The approach incorporates two smoothing parameters, one for the level and
another for the trend. By iteratively updating both the level and trend, this technique
generates smoothed values that effectively combine information about the trend and the
basic level. The technique involves Equations (1) and (2), where y; is the observed value at
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time ¢, L; represents the smoothed level at time ¢, T; represents the trend at time ¢, « is the
smoothing parameter for the level, and f is the smoothing parameter for the trend:

Ly =ay: + (1 —a)(Li—1 + Ti—1) (1)

Ty = B(Lt — Lt—1) + (1 = B)Tr1 )

The prediction for time ¢ is denoted by the smoothed value S;, which is calculated as
S =L+ T

Using historical measurements of electric consumption for the cities of London (https:
//data.london.gov.uk, accessed on 26 August 2023), Amsterdam (https://opendata.cbs.nl,
accessed on 26 August 2023), Helsinki (https://hri.fi, accessed on 26 August 2023), Vienna
(https://digitales.wien.gv.at, accessed on August 26 2023), Madrid (www.comunidad.
madrid, accessed on 26 August 2023), and Cologne (www.govdata.de, accessed on 26
August 2023), a Holt’s model is trained to forecast the future values until 2026. To obtain
the coefficients « and 5, cross-validation is used and the level and trend are estimated from
the data using Python’s library Statsmodels [47]. Figures 5-10 show the predicted electric
consumption in these cities. These predictions are based on data published between 2020
and 2022, depending on the rate at which each city updates its publicly available data.

London Electric Consumption KPI
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Figure 5. London’s forecasted electric consumption.
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Figure 6. Amsterdam’s forecasted electric consumption.
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Helsinki Electric Consumption KPI
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Figure 7. Helsinki’s forecasted electric consumption.
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Figure 8. Vienna's forecasted electric consumption.
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Figure 10. Cologne’s forecasted electric consumption.

The errors observed in the models vary from one city to another. Notice that the values
of the root mean square error during the validation phase are not large compared to the
magnitude of the actual values, specifically: 64.85 for London, 35.19 for Amsterdam, 209.28
for Helsinki, 177.94 for Vienna, 287.44 for Madrid, and 160.16 for Cologne. This suggests
that the errors fall within an acceptable range, instilling confidence in the conclusions
drawn from the predictions.

Examining the recent trends in electric consumption across cities such as London,
Vienna, Madrid, and Cologne reveals a consistent and ongoing decline. This downward
trajectory is expected to persist at least until 2026, with an expected decrease of 16.23%,
13.02%, 16.52%, and 16.95%, respectively. In contrast, Amsterdam is poised for an in-
crease in energy consumption over the forthcoming years of approximately 7.79%. Unless
novel approaches are introduced to disrupt the pattern, Helsinki’s electric consumption
is projected to remain relatively stable, with an expected variation of —0.25%, akin to its
past levels. Furthermore, based on the latest measurements, Amsterdam and Cologne
stand out as the cities with the lowest energy consumption per capita, both recording
levels below 2250 kWh/hab per year. In comparison, Madrid, Vienna, and London exhibit
similar energy usage patterns, with values hovering around 4000 kWh/hab per year. Mean-
while, Helsinki distinguishes itself within this comparison with a notably higher figure of
7000 kWh/hab per year.

In order to double check the forecasted values obtained with Holt’s method, an ARIMA
model [48] has also been employed to forecast the electric consumption per capita of each
city by the year 2026. In particular, the automatic ARIMA capabilities implemented in
R and Python libraries have been employed. These capabilities take care of adjusting
the parameters of the corresponding ARIMA model [49]. Table 8 provides a comparison
between the forecasts generated by the two approaches. Notice that both models yield
comparable predictions for all cities, except for Madrid, which exhibits a deviation of
10.99% between the models, probably due to the fact that COVID-19 had a significant effect
on the electric consumption per capita in this city and, while Holt’s method was adjusted
to consider this factor, the ARIMA model was not adjusted.

Notice that, while more advanced ARIMA forecasting models could also have been
used in this study, the choice of using exponential smoothing is based on the following
reasons: (i) exponential smoothing is a relatively simple and intuitive method, making it
accessible to a broader audience, including policymakers and city planners who may not
have in-depth expertise in time series forecasting; (ii) exponential smoothing methods are
computationally efficient, making them suitable for handling large datasets (if needed) and
real-time forecasting requirements; (iii) estimating the parameters of exponential smoothing
models is relatively straightforward and does not require advanced statistical techniques.
While ARIMA is a powerful time series forecasting method, these models can be complex
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to build and less intuitive for policymakers and stakeholders. In addition, ARIMA models
often require a larger amount of historical data to estimate model parameters accurately. For
some KPIs, cities may have limited historical data available, making ARIMA less practical.

Table 8. Holt’s DES vs. ARIMA predictions on electric consumption per capita—year 2026.

Holt’s DES Auto-ARIMA % Variation
London 3184.11 3245.40 +1.92
Amsterdam 2208.76 2293.69 +3.84
Helsinki 6987.11 7061.52 +1.06
Vienna 3637.31 3626.80 —0.29
Madrid 3254.61 2896.63 —10.99
Cologne 1887.74 1888.31 +0.03

8. Conclusions

This paper has explored energy optimization and emissions reduction in urban areas
within the context of a European research project. The focus has been on addressing
transportation, mobility, and urban-design challenges in the pursuit of smarter and more
sustainable cities. Smart cities represent a promising solution to the complex issues posed
by urbanization and climate change, aiming to optimize energy usage, reduce emissions,
and improve the overall quality of life for their citizens.

One of the key contributions of this work has been the development of a comprehen-
sive framework that integrates KPIs and analytical tools. This framework offers powerful
tools to promote energy efficiency and emissions reduction in urban environments. It
provides city planners and policymakers with a systematic approach to monitoring urban
performance and enhance living conditions. The conceptual framework presented in this
paper outlines a structured methodology for achieving these goals: (i) selection of relevant
KPIs, which involves selecting KPIs that align with the specific objectives of smart city
initiatives related to energy efficiency, emissions reduction, and quality of life enhance-
ments; (ii) data collection and monitoring, which involves implementing sensors and IoT
technologies for the collection and monitoring of relevant data; (iii) data analysis, which is
performed to process and analyze the collected data, including identifying trends, patterns,
and anomalies; (iv) benchmarking and comparison against predefined reference values
or benchmarks from similar cities allows for performance evaluation; (v) visualization of
KPI data using various tools such as radar plots, charts, and dashboards for better insights;
(vi) time series analysis and predictive modeling to forecast future trends of selected KPlIs,
enabling proactive decision-making; (vii) regular reporting on the city’s performance based
on KPIs, which helps track progress and identify areas for improvement; and (viii) an itera-
tive improvement approach, which ensures continuous optimization of energy efficiency,
emissions reduction, and urban living conditions.

The analysis has already yielded valuable results. For example, radar plots have been
employed to visualize and compare KPI measurements for several European cities, which
has allowed commenting on their relative performance. Additionally, time series analysis has
been utilized to forecast future trends in KPIs related to energy consumption in these cities,
providing insights into their trajectories. The results from these experiments have demon-
strated the effectiveness of the approach in assessing and predicting energy-related KPIs.
Notably, the findings indicate ongoing trends toward reduced energy consumption in cities
like London, Vienna, Madrid, and Cologne, with Amsterdam showing a contrasting trend of
increased consumption. These insights are valuable for city planners and policymakers as
they seek to optimize energy usage and emissions reduction. All in all, the work illustrates
how the integration of KPIs with various analytical techniques can empower city planners and
policymakers to drive sustainable development in urban areas. The availability of updated
KPI data for monitoring and predictive purposes is particularly critical for cities aspiring to
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become smarter and more sustainable. Still, the following limitations of this study can be
highlighted: (i) it relies on the availability and quality of data, which has been shown to be
limited for specific KPIs in some cases; (ii) it primarily focuses on individual KPIs, potentially
not capturing the full complexity of urban systems with interdependencies among various
factors; and (iii) its scope is limited to a specific time period and geographical context, while
urban environments are dynamic, and factors influencing energy consumption, emissions,
and other KPIs can change over time.

Other key contributions of this research work are described next: (i) the paper introduces
the application of time series analysis, particularly exponential smoothing and ARIMA models,
to forecast KPIs related to urban sustainability, focusing on electric consumption per capita;
(ii) the paper discusses how the use of relatively simple and computationally efficient time
series models makes the forecasting methodology accessible to a wide audience, including
policymakers and city planners; (iii) the paper offers city-specific insights by applying time
series forecasting to multiple European cities, such as London, Amsterdam, Helsinki, Vienna,
Madrid, and Cologne; and (iv) the paper conducts a validation of the forecasting models,
comparing the results of exponential smoothing with those of ARIMA models.

In addition to the presented results, this work has laid the foundation for future research
in several directions: (i) further investigation into urban planning and design strategies that
prioritize energy efficiency and sustainability, such as building orientation, green spaces, and
sustainable transportation networks; (ii) development of multi-objective optimization tech-
niques that balance energy efficiency with social equity, economic viability, and environmental
preservation in urban development; (iii) exploration of dynamic mobility management sys-
tems that adapt to real-time traffic conditions and weather patterns to optimize transportation
routes and reduce energy consumption; (iv) use of IoT technologies to gather real-time data
for energy optimization and implement automated energy-saving measures.
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Appendix A. Sources of Data for Cities

Table Al displays the sources from which data utilized in Table 7 was collected. Notice
that most of these sources are public repositories, while others refer to scientific publications.
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Table A1. Sources for KPI values (all links have been accessed on 26 August 2023).

KPI

London

Milan

Madrid

Paris

Electric consumption (kWh/hab per year)

www.london.gov.uk

http:/ /dati.comune.milano.it

www.fenercom.com

wWww.apur.org

Percentage of renewable electricity production (country’s mix)

https://docs.publishing.service.
gov.uk

www.trade.gov

Www.ree.es

www.trade.gov

Percentage of fossil fuel electricity production (country’s mix)

https://docs.publishing.service.
gov.uk

www.iea.org

WWwWw.ree.es

www.iea.org

Water consumption (1/hab/day)

www.london.gov.uk

Vanham and Bidoglio [50]

www.ine.es

www.eaudeparis.fr

Greenhouse gas emissions (tons CO, eq/hab)

https:/ /data.london.gov.uk

https:/ /partecipazione.comune.milano.it

www.madrid.es

www.paris.fr

Road vehicles (car/hab)

https:/ /tfl.gov.uk

www.istat.it

www.madrid.es

www.apur.org

Bike line lengths (m /1000 hab)

www.london.gov.uk

https:/ /easymilano.com

www.telemadrid.es

www.paris.fr

Shared bikes (bikes/100,000 hab)

https:/ /tfl.gov.uk

https:/ /bikemi.com

https:/ /www.bicimad.com

www.velib-metropole.fr

Municipal waste (kg/hab per year)

www.london.gov.uk

www.municipalwasteeurope.eu

https://datos.madrid.es

www.municipalwasteeurope.eu

Food insecurity (% of population)

https://data.london.gov.uk

www.foodpolicymilano.org

www.invisiblesdetetuan.org

www.santepubliquefrance.fr

Fatal accidents (deaths)

https:/ /tfl.gov.uk

www.polis.lombardia.it

www.madrid.es

www.lejdd.fr

Access to electricity (% of population)

https:/ /data.worldbank.org

https:/ /data.worldbank.org

https:/ /data.worldbank.org

https://data.worldbank.org

Social affordable housing (% of houses)

https:/ /trustforlondon.org.uk

No data has been found

https://datos.madrid.es

www.apur.org
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